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ABSTRACT
CHARACTERIZING MECHANICAL REGULATION OF BONE METASTATIC
BREAST CANCER CELLS
FEBRUARY 2022
BOYUAN LIU
B.E., UNIVERSITY OF SCIENCE AND TECHNOLOGY BEIJING
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Maureen E. Lynch

Breast cancer most frequently metastasizes to the skeleton. Bone metastatic cancer
is incurable and induces wide-spread bone osteolysis, resulting in significant patient
morbidity and mortality. Mechanical stimuli in the skeleton are an important
microenvironmental parameter that modulates tumor formation, osteolysis, and tumor cellbone cell signaling, but which mechanical signals are the most beneficial and the
corresponding molecular mechanisms are unknown. This work focused on bone matrix
deformation and interstitial fluid flow based on their well-known roles in bone remodeling
and in primary breast cancer. The goal of our research was to establish a platform that could
define the relationship between applied dynamic mechanical forces and the resulting
phenotype in bone metastatic breast cancer cells. To achieve this goal, we employed a highthroughput, multi-modal in vitro mechanical loading bioreactor to apply forces to 3D in
vitro bone-mimetic scaffolds, thereby recapitulating the physiological skeletal mechanical
environment. We combined this with multi-physics micro-CT-based computational
simulation models to estimate the internal mechanical microenvironment during in vitro
experimentation.
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CHAPTER 1
MECHANOBIOLOGY OF BONE METASTATIC BREAST CANCER
1.1 Introduction
1.1.1 Breast cancer bone metastasis
Breast cancer is the most frequently diagnosed cancer and the second-leading cause
of cancer death in women (Society AC, 2017). Although the female breast cancer death
rate declined by nearly 40% from 1989 to 2014 due to the significant advancement in early
detection, disease prevention and treatment (Jin X, et al., 2015, Society AC, 2017), the
overall survival rate of advanced breast cancer when metastasis occurs are still very poor
(Gupta GP, et al., 2006, Schroder J, et al., 2017). Breast cancer primarily metastasizes to
skeleton, which is overwhelmingly osteolytic, often leads to hypercalcemia, bone pain,
fractures, nerve compression and is of significant morbidity and mortality. In fact, more
than 80% of advanced breast cancer patients will develop incurable bone metastases
(Chirgwin JM, et al., 2000, Guise TA, 2000, Kozlow W, et al., 2005, Mundy GR, et al.,
1986).
The “Seed and soil” hypothesis of metastasis was first proposed by Stephen Paget
in 1889. In his description, seeds “can only live and grow if they fall on congenial soil”.
He believed that cancer cells had similar behavior, grew only in certain organs that were
somehow predisposed to a secondary tumor after spread out in human body. Typically,
breast cancer bone metastasis initiates in the marrow spaces of cancellous bone, which are
heavily vascularized sites of skeleton with high rates of active remodeling (Kingsley LA,
et al., 2007). Just as “Seed and soil” hypothesis indicated, the unique microenvironment of
bone tissue with bone remodeling process is seemingly in favor of metastatic breast cancer.

14

1.1.2 Bone remodeling
Healthy bone tissue undergoes remodeling throughout life. Bone cell osteoclasts
and osteoblasts collaborate in what is called a basic multicellular unit (BMU) to repair
defects such as microfractures. In the remodeling process, osteoclasts serve as “bone
cleaners” to acidify and dissolve old/damaged bone material into ions, water and other
substances, release them to the blood. This phase is called bone resorption. Osteoblasts act
as “bone builders” and perform bone formation, which produces new bone material after
resorption (Hadjidakis DJ, et al., 2006). It is believed that following dissemination to bone,
metastatic breast cancer cells dysregulate the normal bone remodeling process and initiate
osteolysis, providing a “fertile soil” for themselves to support their own growth (J. FI, 2003)
(Fig. 1.1).

1.1.3 Breast cancer cells in bone microenvironment
Once metastatic breast cancer cells arrive in the skeletal microenvironment, they
facilitate their colonization by secreting osteolytic factors that interfere with normal bone
remodeling to increase osteoclastogenesis, shifting the balance of bone remodeling process
towards net bone resorption. As a consequence, the microenvironment releases Ca2+ and
other vital growth factors from the bone matrix which “feed” tumor growth. This
pathophysiology of bone metastases eventually forms a “vicious cycle” (Kozlow W, et al.,
2005) (Fig. 1.1). Current treatments of breast cancer bone metastases (i.e. surgeries or
drugs that target tumor and/or bone-destroying osteoclasts) are only palliative, merely slow
metastatic progression and do not recover lost bone (Coleman RE, 2001, Schroder J, et al.,
2017). Therefore, it is critical to better understand the cellular mechanisms of breast cancer
bone metastasis.
15

Figure 1.1: Metastatic breast cancer cells interfere with bone remodeling process.
During normal remodeling, mature osteoclasts remove old damaged bone matrix while
active osteoblasts secrete new bone matrix, which subsequently mineralizes. In breast
cancer metastasized bone tissue, tumor cells secrete a variety of osteolytic factors to shift
the remodeling balance process towards net bone resorption. Factors that benefit tumor
cells will be released from the bone matrix and further stimulate tumor growth.
1.1.4 Mechanical stimuli in skeleton
Mechanical demands are placed on the skeleton during daily physical activity (Fig.
1.2A). External forces are continually applied to the skeleton, causing different mechanical
cues within bone microenvironment (Fig 1.2B). Two types of mechanical stimuli within
the bone matrix are considered to be the main driving signals in bone adaptation,
specifically for stimulating bone formation (Duncan RL, et al., 1995, Robling AG, et al.,
2009, Weinbaum S, et al., 1994): 1) matrix deformations (‘bone strains’) and 2) interstitial
fluid flow (IFF) (Fig. 1.2B). At the tissue level, applied cyclic compression to the whole
bone, which results in bone matrix deformations. Bone tissue is also a fluid-filled porous
material. Therefore, when forces are applied to the whole bone, interstitial fluid within each
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level of porosity is instantly pressurized and the resulting pressure gradients cause net IFF
from high to low pressure. IFF is well-documented to stimulate osteogenesis in vivo
(Fritton JC, et al., 2005, Mosley JR, et al., 1997, Rubin CT, et al., 1985). In addition,
interstitial fluid flowing over cells, in turn, imposes hydrodynamic shear stresses and drag
forces on the cells as well as electric signals resulting from ion gradients at the cell surfaceinterstitial fluid interface (stress-generated potential, SGP) (Qin YX, et al., 2002) (Fig.
1.2C). Overall, matrix deformation and loading-induced movement of fluid through bone
functionally couple together, provide mechanical stimuli and cell signaling.

Figure 1.2: Cellular mechanical environment under mechanical loading in skeleton.
A) Healthy bone remodeling is regulated continuously by the local dynamic mechanical
environment induced by external forces. B) Bone is fundamentally a fluid-filled porous
matrix containing embedded cells. When the porous matrix is deformed, the fluid within is
instantly pressurized, causing pressure gradients and subsequent fluid flow from high to
low pressure. C) At the cellular level, cells experience substrate strain, hydrodynamic shear
stress, pressure gradients, and mass transport-associated ionic gradients. These forces
cause deformation of transmembrane proteins as well as changes to cytoskeletal tension,
both of which alter cell signaling.
1.1.5 Bone functional adaptation
Bone functional adaptation is a mechanism that continuously adjusts bone
remodeling balance, changes skeletal mass and architecture. In a healthy skeleton, bone
adaptation is primarily regulated by local mechanical signals, whereby the skeleton adapts
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to the mechanical environment in order to withstand daily physical demands and minimize
metabolic cost. It is governed by the “mechanostat” feedback model (Frost HM, 1987,
Frost HM, 1987). Steady-state remodeling, where formation and resorption are balanced,
occurs within a target physiological (non-zero) range of mechanical stimuli, generally
considered to be the strains (deformations) that arise in bone tissue due to daily physical
activities (Fig. 1). Increases in mechanical stimuli (e.g., due to sports, reduced bone mass,
and/or stress-increasing architecture) lead to osteogenesis that promotes net bone formation;
thus the human body gains bone mass. Reductions in mechanical stimuli (e.g. due to bed
rest, increased bone mass, and/or stress-resistant architecture) lead to osteolysis with net
bone loss (Fig. 1.3).
It is considered that osteocytes, a star-shaped type of bone cells that locates deep
within the calcified bone, are ‘master orchestrators’ (Schaffler MB, et al., 2013) of the bone
remodeling process because they are the primary mechanosensory cell in the skeleton.
Osteocytes connect themselves through the massive lacunar-canalicular system (LCS) in
which osteocyte cell body residing in a lacuna and its dendrites in canaliculi, all of which
are bathed in fluid (Fig. 1.2B). They also connect all other cells in the skeleton via their
extensive dendritic processes and gap junctions. Therefore, it is believed that during bone
functional adaptation, osteocytes sense changing matrix strains and/or deformationinduced fluid and subsequently coordinate downstream activities of osteoblasts and
osteoclasts (Fig. 2C). Without mechanical loading, osteocytes undergo cell death, and
without osteocytes, mechanotransduction is severely impaired (Plotkin LI, 2014, Schaffler
MB, et al., 2013).
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Figure 1.3: Schema of the “Mechanostat” (Frost HM, 1987).
Mechanical stimuli applied to the bone within the target range of values results in steadystate remodeling of the bone matrix, while increases and decreases in stimuli cause
increased or decreased remodeling, respectively. Additionally, various systemic influences
(e.g., hormones, cancer) can further modify the mechanostat.
1.1.6 In vivo studies of mechanical regulation in cancer
Mechanical stimuli have recently gained attention as a crucial microenvironmental
parameter in modulating metastatic bone cancer. In vivo mice tibial loading showed that
increased loading prevented osteolysis and secondary tumor formation (Lynch ME, et al.,
2013) (Fig. 1.4A). Low-intensity vibrations were also documented to contribute to multiple
myeloma bone metastasis inhibition (Pagnotti GM, et al., 2016). Correspondingly, changes
in the bone mechanical environment, resulting from increasing physical activities, has also
been proved effective in reducing overall cancer risk and improving the quality of life of
cancer survivors (de Boer MC, et al., 2017, Inoue M, 2010, Lee CD, et al., 2011, Lope V,
et al., 2017, Moorman PG, et al., 2011, Wilhelmsson A, et al., 2017). Although these
studies have revealed the importance of the mechanical microenvironment in cancer bone
metastases, the underlying tumor metastatic mechanisms are still at large, which includes
the identity and role of specific local mechanical signals (i.e., stresses and strains resulting
from bone matrix deformation and IFF). Further studies are needed to fully understand how
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mechanical loads alter bone-tumor interactions and develop therapies based on these
principles.

1.1.7 In vitro cancer loading models
In vitro models aimed at gaining molecular understanding of osteogenic
differentiation or cancer progression due to mechanical cues are well established. However,
in many cases, cells are usually cultured in 2D monolayers to which fluid flow, pressure or
vibration may be applied. Specifically, fluid flow was found changing osteogenic gene
expressions such as RUNX2 and ALP (Arnsdorf EJ, et al., 2009, Grellier M, et al., 2009).
Other types of loading, such as mechanical strains, have also been applied to deformable
membranes and have been found contribute to changes in cancer cells invasive phenotype
(Menon S, et al., 2011, Mierke CT, et al., 2011, Tien J, et al., 2012, Tse JM, et al., 2012).
Mechanical strains also affect tumor cell differentiation and proliferation (Ma D, et al.,
2009, Olcum M, et al., 2014). A study specifically pointed out that daily application of low
magnitude mechanical vibration inhibited the growth of breast cancer cells (Olcum M, et
al., 2014).
Despite the apparent benefits and contribution to a better understanding of changing
cancer cell behavior due to mechanical loading, 2D in vitro models are limited because
they do not recapitulate the dynamic interactions of cells with their natural 3D surroundings.
This often leads to inaccurate cell behavior and even completely opposite observations
compare to 2D in vitro cell culture to 3D or in vivo (Barron MJ, et al., 2010, Lee GY, et
al., 2007, Riehl BD, et al., 2012). With the ability to mimic the complexity of the tumor
microenvironment under the appropriate mechanical loading conditions, tissue-engineered
3D culture models have been increasingly pursued in the recent past.
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Figure 1.4: Studies revealed that mechanical stimuli interfere with breast tumor
formation.
A) In vivo dynamic tibial compression was documented that prevents osteolysis and
secondary tumor formation (Lynch ME, et al., 2013). B) Tumor conditioned media (TCM)
were generated from MDA-MB231 tumor cells cultured in HA-containing scaffolds that
underwent one hour of cyclic compression (1 Hz, 10% peak strain) or sham (control) in
vitro. Subsequently, BM-MSC cells were cultured in loaded or nonleaded TCM in vitro
and also underwent the same loading or sham. C) Quantitative real-time polymerase chain
reaction (qRT-PCR) revealed that mechanical loading increased OPN expression in BMMSCs, and was more effective when BM-MSCs were cultured in conditioned media from
loaded tumor cells (Loaded tumor factors). This in vitro study indicates that mechanically
loading tumor cells affected osteopontin gene expression and protein deposition in BMMSCs (Lynch ME, et al., 2016).
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3D biomaterial scaffolds have been an invaluable tool for developing engineered
cells or tissue such as bone or cartilage (Goldstein AS, et al., 2001, Hutmacher DW, 2000,
Moutos FT, et al., 2008). The structures of 3D scaffold successfully mimic the cellular cues
that cells are exposed in vivo (Baker BM, et al., 2012). Along with tissue engineering
bioreactors that can apply mechanical forces, 3D in vitro models can also help gain
mechanistic insights to mechanotransduction in the skeleton. For example, many studies
showed that bone formation by osteoblasts is enhanced by applying steady perfusion
(Alvarez-Barreto JF, et al., 2007, Correia C, et al., 2013, Jaasma MJ, et al., 2008, Sailon
AM, et al., 2009). Such behavior has been found favorable typically of low flow rate (<1
mL/min) (Alvarez-Barreto JF, et al., 2007, Grayson WL, et al., 2008). In many other cases,
3D biomaterial scaffolds have been applied compressive loading. Results pointed out that
a dynamic loading of waveform at a frequency of 1 Hz, which is the approximate stride
frequency of humans, is favorable for bone cells with a magnitude of 5% or 10%
(Sittichockechaiwut A, et al., 2009, Thorpe SD, et al., 2010, Waldman SD, et al., 2004).
These tissue engineering strategies are becoming a new frontier for culturing tumor cells
in vitro and evaluate the effects of mechanical stimuli in cancers.
A few groups, including our lab (PI: Dr. Lynch), have successfully developed tumor
models based on 3D biomaterial scaffolds (Angeloni V, et al., 2017, Lynch ME, et al.,
2016, Zhu W, et al., 2015). With the use of a 3D tumor model, mechanical loading has
been found regulating drug sensitivity of Ewing sarcoma cells (Marturano-Kruik A, et al.,
2018). Interstitial fluid flow has also been proved pushing brain tumors towards invasion
(Munson JM, et al., 2013). Specifically, when compression was applied to a mineralized
3D model of bone metastasis, breast cancer cell expression of osteolytic genes was reduced
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and signaling with osteoblasts was altered (Lynch ME, et al., 2016). (Fig. 1.4B,C). These
results suggest that tissue engineering-based approaches are an ideal tool to establish a
mechanically-loaded metastatic breast cancer model to gain insight into physiological
cellular behavers. For example, which mechanical stimuli are the main driving forces,
along with their magnitude, is still unknown, which we explore here in our studies.

1.1.8 Computational simulation of 3D in vitro model
Computational modeling of in vitro experiments has been used to estimate the
magnitude of compression-induced or fluid flow-induced stresses that stimulated
proliferation, bone formation, cell death, or cell detachment. Conversely, it can also help
determine the appropriate range of applied mechanical loadings. Computational fluid
dynamics (CFD) codes are well developed to simulate fluid flow profile such as shear stress
within simplified 2D geometry (Raimondi MT, et al., 2002) or simplified CAD-based
geometry such as artificial honey-comb-like patterned 3D scaffold resulted from applied
perfusion boundary conditions (Boschetti F, et al., 2006, Hutmacher DW, et al., 2008,
Pedersen JA, et al., 2010, Sadir S, et al., 2011). CAD-based geometries are also used in
finite elements (FE) simulations modeling compression loading to quantify geometric
deformation and local strains (Almeida HA, et al., 2013, Bouet G, et al., 2015). This CADbased strategy has been proved to help scaffold design, optimization and bioreactor
improving (Hutmacher DW, et al., 2008, Olivares AL, et al., 2009, Uth N, et al., 2017,
Velasco MA, et al., 2016) (Fig. 5 A). However, due to geometric simplification, these
CAD-based approaches do not represent the complicated geometry of current biomaterial
scaffolds used in tissue engineering.
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Micro-computed tomography (micro-CT)-based models are more advanced in
simulating mechanically-loaded scaffolds used in real experiments. In fact, this technology
has been successfully used in characterizing porous cancellous bone (Sandino C, et al.,
2015) and validating bone microdamage (Hambli R, 2013). The geometries of such porous
structure can be reconstructed from micro-CT voxels by using computer codes (Lorensen
WE, et al., 1987, Porter B, et al., 2005). This micro-CT based approach established FE
simulations or CFD studies based on cellular experiments (Jungreuthmayer C, et al., 2009,
Stops AJ, et al., 2010) and quantified much more accurate local mechanical stimuli (Stops
AJ, et al., 2010, Stops AJ, et al., 2010, Zermatten E, et al., 2014) (Fig. 5B). However, due
to computational limitation, most of the studies model only small portions of scaffolds
(Lacroix D, et al., 2006, Maes F, et al., 2009, Sandino C, et al., 2008), or utilized a coarse
mesh (Milan JL, et al., 2010, Stops AJ, et al., 2010). A sub-domain of an image-based
model can represent the whole mechanical environment in fluid dynamics simulation, but
only if it is large enough (i.e., 6 times the average macropore size for uniformly distributed
pores, 8-10 times the average macropore size for non-uniformly distributed pores) (Maes
F, et al., 2012) (Fig. 5 C). Thus, an image-based, large-scale or full-scale scaffold
simulation model is likely necessary for accurately predicting mechanical stimuli in 3D
biomaterial scaffolds under structural compression or perfusion.
When exposed to mechanical compression, porous scaffolds filled with cell culture
medium will also generate fluid flow (Lynch ME, et al., 2016, Marturano-Kruik A, et al.,
2018). Pure FE or CFD models are not capable of simulating such a complicated
mechanical environment. The same requirement goes to multi-modal loading experiments
in which both compression and perfusion are applied.
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Figure 1.5: Computational simulations of 3D in vitro scaffold.
A) CAD-based simulation models contribute to scaffold design and optimization but do
not represent the heterogeneous geometry of the scaffolds used in experiments (Boschetti
F, et al., 2006). B) Micro-CT based simulation models are able to characterize mechanical
microenvironment in 3D biomaterial scaffolds. However, many studies were only able to
model a small region due to computational limitation (Sandino C, et al., 2008). C) Only a
few groups successfully managed to establish a full-scale model and characterized the
mechanical environment of the scaffold. D) Large enough sub-domains (i.e., 6 times the
average macropore size for uniformly distributed pores, 8-10 times the average macropore
size for non-uniformly distributed pores) of an image-based model can accurately predict
the mechanical environment of whole geometry in fluid dynamics simulation (Maes F, et
al., 2012).
Only a few groups have successfully established multi-physics model simulations
to quantify a compression-induced fluid profile. However, these models are either based
25

on simplified porous viscoelastic method (Verbruggen SW, et al., 2016) or symmetrical
CAD geometry (Zhao F, et al., 2015). Overall, A large-scale, image-based multi-physics
model is needed to predict the sophisticated internal mechanical environment during multimodal experimentation.

1.2 Research Goal
The goal of this proposed research is to establish a platform that can define the
relationship between applied dynamic mechanical forces and the resulting phenotype in
bone metastatic tumor cells. Specifically, to systematically identify bone metastatic cancer
cell mechanobiology, we will develop: 1) a high-throughput, multi-modal in vitro
mechanical loading system using a novel 3D in vitro bone-mimetic scaffold, and 2) multiscale, multi-physics computational simulation models.

1.3 Methods And Materials
1.3.1 Multi-modal in vitro mechanical loading platform
To determine the mechano-response of breast cancer cells under mechanical signals,
a specialized, high-throughput bioreactor system (Bangalore Integrated System Solutions)
will be used in this study (Fig 1.6A). Dynamic cyclic compression, direct perfusion, or
both can be applied in the bioreactor chamber to hydroxyapatite (HA) mineralized
biomaterial bone-mimicking 3D scaffolds seeded with tumor cells.
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1.3.1.1 Scaffold fabrication
The 3D scaffolds are fabricated from poly(lactide-co-glycolide) and hydroxyapatite
(HA) using previously established methods (Lynch ME, et al., 2016, Pathi SP, et al., 2010)
(Fig 1.6 B). During the process, 8 mg of PLG microspheres formed by double emulsion
method, 8 mg of HA particles (Sigma, average diameter of 200 nm), and 152 mg of NaCl
particles sized 250-400 μm (325 μm mean macropore size) (J.T. Baker) are mixed and
pressure-molded (Carver Press) into pills (1.5 mm thick, 8 mm diameter). These pills are
then treated with a gas-foaming/particulate leaching technique that results in surface
exposure of the incorporated mineral (Harris LD, et al., 1998). The final scaffolds have
interconnected macropores (mean size ~450 μm) and porosity of ~80% (Pathi SP, et al.,
2010).

1.3.1.2 Cell culture
Human bone metastatic breast cancer cell line MDA-MB-231 (MDA) that is highly
aggressive and osteolytic will be used. Briefly, MDA cells are cultured using Dulbecco’s
modified Eagle’s medium (DMEM) with high glucose supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum and cultured using standard conditions
(37°C, 5% CO2). MDAs will be seeded into with a density of 1.5x106 cells per scaffold.
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Figure 1.6: In vitro multi-modal loading system and 3D biomaterial scaffold.
A) Breast cancer cells will be seeded in bone-mimicking scaffold fabricated from
poly(lactide-co-glycolide) and bone mineral (hydroxyapatite). Scaffolds will be loaded in
a multi-modal bioreactor system with dynamic compression and/or direct perfusion. B)
The mineralized gas foaming/salt leaching scaffolds are capable of culturing breast cancer
cells (Pathi SP, et al., 2010).

Figure 1.7: Experimental setups.
Nine total experiments were designed in order to seek mechanical regulations of breast
cancer bone metastases. Combinations of no compression, low compression, high
compression, no perfusion, low perfusion, and high perfusion conditions were used to
provide a wide range of mechanical stimuli.
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1.3.1.3 Experimental set-up
3D scaffolds with tumor cells will be placed into the bioreactor and subjected to
dynamic cyclic compression loading and direct perfusion loading with combinations of no
compression (C-), low compression (5% bulk strain, C+), high compression (10% bulk
strain, C++), no perfusion (P-), low perfusion (0.3 mL/min, P+) and high perfusion (0.6
mL/min, P++) (Fig 1.7). Compression loading will be applied as a sinusoidal waveform at
1 Hz. The low compression peak value of the loading is a 5% bulk strain based on our
previous work (Lynch ME, et al., 2013, Lynch ME, et al., 2016) and that of others
(Sittichockechaiwut A, et al., 2009, Thorpe SD, et al., 2010), with high compression of
10%. Direct perfusion loading will be at steady-state with a low perfusion flow rate of 0.3
mL/min (100 μm/sec in term of flow velocity), which is a typical flow rate used in 3D
bone-mimicking scaffolds (Alvarez-Barreto JF, et al., 2007, Jaasma MJ, et al., 2008, Sailon
AM, et al., 2009), as well as a high 0.6 mL/min perfusion. The non-loaded group will be
included as a control. All experiments will be performed for 1h.

1.3.1.4 Experimental outcomes
Following mechanical loading experiments, gene expression will be quantified
using quantitative RT-PCR (qPCR) method 24 hours following loading. We will assess the
bone metastatic gene signature, which includes the chemokine receptor CXCR4,
interleukin-11 (IL-11), osteopontin (OPN), matrix metalloproteinase-1 (MMP-1),
connective tissue growth factor (CTGF). Expression of genes related to downstream
stimulation of bone resorption, which includes NF-κB ligand (RANKL), its endogenous
soluble inhibitor osteoprotegerin (OPG), and parathyroid hormone-related protein (PTHrP)
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will also be quantified. To evaluate metastatic breast cancer cell mimicry of bone cells, we
will quantify expression of runt-related transcription factor 2 (RUNX2), sclerostin (SOST),
and dickkopf WNT signaling pathway inhibitor 1 (DKK1). Gene expression in all cases
will be normalized relative to the corresponding control, non-load group. Finally, we will
also evaluate tumor cell viability and proliferation via live/dead staining and DNA assay.

1.3.2 Computational simulation models
Micro-CT-based computational simulation methods finite element (FE) analysis,
and computational fluid dynamics (CFD) and fluid-structure interaction (FSI) were utilized
to establish computational models in parallel to quantify local mechanical stimuli within
the mechanically-loaded fluid-filled scaffolds.

1.3.2.1 Micro-computed tomography (micro-CT)
For each simulation study, one bone mimicking scaffold was imaged in its entirety
using micro-CT (HMXST225, Nikon Metrology Inc.). Scanning and mounting parameters
were optimized to maximize image contrast and minimize voxel size (scanning in air, a
voltage of 60kV, a current of 80 μA, and an integration time of 1000 ms resulting in a voxel
size of 5.4 μm) (Fig. 1.8A). Image stacks from the optimized scan were imported into
CTPro3D (CTPro, Nikon Metrology Inc.) for preliminary reconstruction by automatically
aligning the images.

1.3.2.2 Geometry reconstruction
Two reconstruction methods were used in this thesis. Our earlier study utilized
software Mimics v16.0 (Materialise NV) in which micro-CT images were imported for
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image processing. The whole data set grouped as an image stack was cropped to remove
unnecessary space and voxels (e.g., supporting material for scanning) then treated with
multiple imaging filters for later generating smoother geometry. The image files were then
segmented based on grayscale values to separate solid phase (scaffold) from pores and
background (air), and then functionally calculated (Lorensen WE, et al., 1987) to scaffold
3D surface model.

Figure 1.8: 3D reconstruction of scaffold from micro-CT image, CFD simulation
model and multi-physics model.
A) A scaffold was scanned using high resolution micro-CT images with voxel size 5.4 μm.
B) The 3D surface model of the scaffold was generated using Mimics and maintained
microstructural features, such as pore interconnections. C) Final volumetric mesh with a
cylindrical fluid domain with single inlet and outlet surfaces added to in order to apply
CFD simulation boundary conditions. D) The 3D voxel model of the scaffold (ivory) was
generated using ScanIP as well as a 3D cylinder model (pink) of 1.2 mm thick and 2 mm
wide for cropping the whole scaffold to a smaller sub-domain. E) A voxel assembly
cropped from previous cylindrical model utilizing Boolean operations that contain both
solid scaffold domain (ivory) and fluid domain (cyan). F) Volumetric meshes of solid and
fluid domain was directly generated in ScanIP. Solid and fluid surface meshes formed a
watertight assembly with shared nodes along interior solid-fluid interfaces.
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Specifically, A full-scale CFD model was established in order to evaluate the
constancy of the scaffold material and the reconstruction process. It also provided the
insights of mechanical stimuli of direct perfusion. The surface model of the fluid domain
was subtracted from the existing scaffold model created above with a cylinder of 8 mm
diameter and 1.65 mm thickness in software 3-Matic (Materialise NV). The additional
thickness served as flow guidance, connecting inlet and outlet surfaces to each side of the
scaffold to allow the flow to choose the path of least resistance for a more realistic boundary
condition (Maes F, et al., 2012) (Fig. 1.8B). Later on, a volumetric mesh with tetrahedral
elements was generated based on this full-scale fluid domain model in software ICEM CFD
(Workbench 19.0, ANSYS, Inc.) (Fig. 1.8C).
In our later study, we realized that utilizing the scaffold surface model could not
provide us a multi-physics mesh with good quality due to the complex geometry of the
scaffold. Instead, the image data was imported into Simpleware ScanIP (Synopsys) for
segmentation and directly transformed into a volumetric mesh contains both solid and fluid
domains. In this approach, grayscale stacked images were segmented to separate solid from
the air (same threshold value used in CFD ). The scaffold image data was presented as a
voxel model after the segmentation. Next, a cylindrical voxel model was created to trim
the scaffold into a smaller domain (1.2 mm thickness, 2 mm in diameter) for shorter
computational time (Fig. 1.8D). Boolean operations (Foley JD, 1996) were used to create
the final voxel assembly contains both solid and fluid domains (Fig. 1.8E). Finally, the two
domains were meshed together by replacing each voxel directly to a volumetric tetrahedral
element. The final mesh contains both solid and fluid domains with watertight assembly
and interfaces with shared notes (Fig. 1.8F).
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1.3.2.3 Computational fluid dynamics (CFD) model
The CFD simulation was performed in Fluent (Workbench 19.0, ANSYS, Inc.).
The fluid was assumed to be incompressible with a constant density (1000 kg/m3) and
dynamic viscosity (1.45×10-3 Pa∙s) (Sandino C, et al., 2008). The scaffold geometry was
assumed to be rigid (Olivares AL, et al., 2009). A uniformly-distributed velocity of 100
μm/sec (corresponding to a flow rate of 0.3 ml/min in the bioreactor) was applied to the
inlet. The outlet pressure was set to 0 Pa. Finally, no-slip wall conditions were imposed on
the interior fluid-solid interfaces as well as on the scaffold lateral boundary to simulate
direct perfusion through the scaffold (Fig. 2.1C).
In Fluent, the conservative form of Navier-Stokes equations was used as outlined
below.
Conservation of mass:
𝜕𝜌
+ ∇ ∙ (𝜌𝑢
)⃑) = 𝑆!
𝜕𝑡
where ρ is mass density, u is flow velocity and the Sm is the source or sink of mass.

Conservation of momentum:
𝜕
(𝜌𝑢
)⃑) + ∇ ∙ (𝜌𝑢
)⃑𝑢
)⃑) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔⃑ + 𝐹⃑
𝜕𝑡
where p is the static pressure, 𝜌𝑔⃑ and 𝐹⃑ are the gravitational body force and
external body forces. 𝜏̿ is the stress tensor described as:
2
𝜏̿ = 𝜇[(∇𝑢
)⃑ + ∇𝑢
)⃑" ) − ∇ ∙ 𝑢
)⃑𝐼]
3
𝜇 is viscosity, 𝐼 is the unit tensor, and the second term on the right-hand side is the
effect of volume dilation.
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In our case, the Navier-Stokes equations can be simplified as:
Conservation of mass:
∇ ∙ (𝜌𝑢
)⃑) = 0
Conservation of momentum:
𝜕𝑢
)⃑
𝑝
+ (𝑢
)⃑ ∙ ∇)𝑢
)⃑ − 𝜈∇# 𝑢
)⃑ = −∇( ) + 𝑔⃑
𝜕𝑡
𝜌
In Fluent, a Pressure-Based Coupled Algorithm was selected whereby the finite
volume method was used to evaluate partial differential equations. With the solution
initialized, a pressure profile was solved from coupled momentum equations and the mass
continuity equation with applied boundary conditions and material properties. In each
calculation iteration, the pressure profile was used to correct the velocity field. Such steps
took place repeatedly until the solution converged. The solver convergence criteria are 103

for both velocity residual in each direction and mass continuity residual. The resulting

outcomes include fluid velocity, wall shear stress, and hydrostatic pressure. Visualization
of velocity streamlines was performed in PostCFD (ANSYS, Inc.)

1.3.2.4 Multiphysics model
A Total eight different experimental treatments were simulated (Fig. 1.7) using our
multi-physics model. Two of them (C-P+ and C-P++) were applied with perfusion loading
only and were performed in Fluent (Workbench 19.0, ANSYS, Inc). The rest were under
multi-modal loadings, simulated in Transient Structural (FE solver), Fluent and System
Coupling (FSI) (Workbench 19.0, ANSYS, Inc.).
To establish the CFD and multi-physics models, the solid domain in previously
generated mesh assembly was imported to Transient Structural (Workbench 19.0, ANSYS,

34

Inc.). In Transient Structural (Workbench 19.0, ANSYS, Inc.), Equation of motion was
solved in matrix form:
[𝑀]{𝑥̈ } + [𝐶 ]{𝑥̇ } + [𝐾 ]{𝑥 }={𝐹(𝑡)}
where [𝑀]{𝑥̈ } represents the inertia forces, [𝐶 ]{𝑥̇ } represents the damping forces,
[𝐾 ]{𝑥 } represents elastic forces and {𝐹(𝑡)} is the dynamic load vector. The material of
solid domain was assumed to be isotropic elastic. A Young’s modulus and Poisson’s ratio
of 100 MPa and 0.3 were taken from a similar scaffold system [poly(lactide-co-glycolide)based scaffolds] (Chou SF, et al., 2017, Olivares AL, et al., 2009). To simulate the dynamic
compressions applied on scaffolds top (Fig. 1.6), a transient 60 μm displacement (5% bulk
strain, C+) or 120 μm displacement (10% bulk strain, C++) was applied at top surfaces of
the solid domain. The dynamic displacements had sine waveforms at 1 Hz. Bottom surfaces
were modeled as fixed supports. The side walls were constrained to allow only in-plane
displacements. Finally, fluid-solid shared interfaces were set to allow data transfer (Fig.
3.4).
The fluid domain, in which filled with Dulbecco’s Modified Eagle Medium
(DMEM), was simulated in Fluent (Workbench 19.0, ANSYS, Inc.) as incompressible
fluid with a constant density (1000 kg/m3) and dynamic viscosity (1.45×10-3 Pa∙s) (Olivares
AL, et al., 2009). In Fluent, Navier-Stokes equations, in which case were written as a
continuity equation:
∇ ∙ (𝜌𝑢
)⃑) = 0
and a conservation of momentum equation:
𝜕𝑢
)⃑
𝑝
+ (𝑢
)⃑ ∙ ∇)𝑢
)⃑ − 𝜈∇# 𝑢
)⃑ = −∇ E F
𝜕𝑡
𝜌
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were solved, where ρ is the flow density, 𝑢
)⃑ is the flow velocity, p is the static
pressure, and ν is the dynamic viscosity. The Pressure-Based Coupled Algorithm of Fluent
was used with a convergence criterion of 10-3 for the velocity residual in each direction and
for the continuity residual.
In each CFD model, the lateral side boundary was set as a no-slip wall. Boundary
conditions of 100 μm/sec velocity and 0 Pa pressure were defined at the bottom inlet and
top outlet to simulate the direct perfusion in conditions with low perfusion (0.3 mL/min,
P+). Similarly, 200 μm/sec bottom inlet velocity was applied to models with high perfusion
(0.6 mL/min, P++). To mimic fluid flow induced by compression in treatments C+P- and
C++P-, a separate boundary condition in CFD models was utilized in which both inlets and
outlets were instead set at 0 Pa pressure. In order to couple with deforming solid domains,
those CFD models simulating treatments with compressions were set to have deformable
mesh. A remesh algorithm was applied with the same meshing parameters used in the initial
model generation. This algorithm would update the new fluid domain mesh when necessary
in order to maintain good mesh quality during the simulation. Finally, fluid-solid interfaces
were set (Fig. 3.4).
In the multi-physics model, FE solver and CFD solver were linked together by
System Coupling (Workbench 19.0, ANSYS, Inc.) in order to perform FSI simulations.
During the simulation, the whole loading cycles were broken into timesteps while the
equations in either FE solver and CFD solver were solved following a staggered iteration
strategy. In each timestep, fluid mesh updated its shape following solid deformation and
subsequently, the CFD simulation were solved under the new mesh. At the meantime,
remesh algorithms were deployed when necessary to avoid highly skewed elements. Then,
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the Transient Structural solved the FE simulation considering the applied boundary and the
fluid forces that transferred from solid-fluid interface based on the results from the last
CFD calculation. The calculations continually took place until a full loading cycle was
finished. All of the eight simulations were performed on remote Linux clusters [The
Massachusetts Green High Performance Computing Center (MGHPCC)] with 16 cores
(Intel(R) Xeon(R) CPU E5-2650 v3 @ 2.30GHz with 128GB RAM).
After the simulation, both FE solver and CFD solver were linked to PostCFD
(Workbench 15.0, ANSYS) for results exporting and visualization where velocity vectors,
wall shear stress color maps, and solid strain color maps were created.
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CHAPTER 2
PERFUSION APPLIED TO A 3D MODEL OF BONE METASTASIS RESULTS
IN UNIFORMLY DISPERSED MECHANICAL STIMULI
2.1 Introduction
Breast cancer is the most frequently diagnosed cancer in women, with 1 in 8 women
developing invasive breast cancer during their lifetime in the US (Society AC, 2017).
Breast cancer preferentially metastasizes to the skeleton, where roughly 3 in 4 patients with
advanced disease develop incurable bone metastases (Harbeck N, et al., 2010). Once bone
metastasis occurs, the lesions are overwhelmingly osteolytic (bone-destroying), causing
nerve compression, severe bone pain, and fracture (Coleman RE, et al., 2010). Metastatic
tumor cells dysregulate the normal bone remodeling process and initiate osteolysis by
stimulating osteoclastic resorption, which releases vital growth factors from the bone
matrix that ‘feed’ the tumor cells. In contrast, healthy bone remodeling is regulated by the
local mechanical environment, which is integral to bone tissue homeostasis; specifically,
increased mechanical stimuli is well-documented to result in net bone formation both in
vivo and in vitro (Robling AG, et al., 2009). Recently, skeletal mechanical cues were
established as an important microenvironmental parameter in bone metastatic cancer. In
vivo tibial compression protected against breast cancer-induced osteolysis (Lynch ME, et
al., 2013), and low intensity vibrations inhibited multiple myeloma bone metastasis
(Pagnotti GM, et al., 2016). However, the underlying mechanisms are unknown, including
the identity and role of specific local mechanical signals (i.e. stresses and strains resulting
from tissue deformation and interstitial fluid flow).
Bone tissue engineering, in which mechanical forces (typically compression or
perfusion) are applied to engineered constructs containing bone cells, has been an
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invaluable tool for gaining mechanistic insights to mechanotransduction in the skeleton.
For example, intermittent perfusion enhanced bone formation by osteoblasts relative to
static or steady flow (Correia C, et al., 2013, Jaasma MJ, et al., 2008), and primary cilia
were identified as a putative mechanism for mechanotransduction of dynamic fluid flow in
osteoblasts (Malone AM, et al., 2007). Furthermore, osteoclast responsiveness to
osteoporosis drugs was found to depend on the mechanical environment (David V, et al.,
2008). Tissue engineering strategies can also be leveraged to elucidate the effects of
mechanical stimuli in bone metastasis, including delineating the relative effects of matrix
deformation and fluid flow. When compression was applied to a fluid-filled, porous 3D
model of bone metastasis, breast cancer cell expression of osteolytic genes was reduced
and signaling with osteoblasts was altered (Lynch ME, et al., 2013, Lynch ME, et al., 2016).
In primary breast cancer, mechanical cues also modulate cancer cell behavior. Fluid flow
is the best characterized mechanical stimuli, and it increased the migratory population of
cancer cells and also enhanced their migratory behavior out of the tumor (Haessler U, et
al., 2012, Munson JM, et al., 2013, Polacheck WJ, et al., 2011). But, whether bone
metastatic breast cancer cells respond similarly to fluid flow in a bone-specific
microenvironment, and which flow-induced signal is the strongest driver of cellular
changes, has not yet been determined.
To relate mechanical signals, such as shear stress, to specific cellular behaviors in
bone-forming cells, computational modeling of in vitro experiments has been used to
estimate the magnitude of compression-induced or fluid flow-induced stresses that
stimulated proliferation, bone formation, cell death, or cell detachment (McCoy RJ, et al.,
2012, Milan JL, et al., 2009, Porter B, et al., 2005). Due to computational costs, however,
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many of these models were created using either a simplified geometry (Boschetti F, et al.,
2006, Olivares AL, et al., 2009) or a small sub-domain of an imaged (e.g. micro-computed
tomography, micro-CT) scaffold (Cioffi M, et al., 2006, Jungreuthmayer C, et al., 2009,
Milan JL, et al., 2010, Porter B, et al., 2005, Sandino C, et al., 2008), approaches that may
not accurately capture the mechanical environment in the scaffold. Models with simplified
geometries permit the creation of larger models, but may underestimate wall shear stresses
(Campos Marin A, et al., 2015) or may miss areas of high stresses due to small features,
such as fabrication defects near scaffold macropores (Voronov R, et al., 2010). A subdomain of an image-based model can accurately capture fluid dynamics (Acosta
Santamaria VA, et al., 2013), provided it is large enough (i.e. 6 times the average
macropore size for uniformly distributed pores, 8-10 times the average macropore size for
non-uniformly distributed pores (Maes F, et al., 2012)). Here, we created a full-scale
computational model of a physical bone-mimicking scaffold used to model bone metastasis
(Lynch ME, et al., 2013, Lynch ME, et al., 2016), and conducted CFD-based analysis to
predict the internal mechanical environment during in vitro experimentation in which a
perfusion bioreactor is utilized to apply forced or direct fluid flow through breast cancer
cell-seeded porous scaffolds.

2.2 Methods
2.2.1 Scaffold fabrication
Bone-mimicking scaffolds were prepared from poly(lactide-co-glycolide) and
hydroxyapatite using previously established methods (Lynch ME, et al., 2016, Pathi SP, et
al., 2010). Briefly, 8 mg of PLG microspheres, 8 mg of HA particles (Sigma, average

40

diameter of 200 nm), and 152 mg of NaCl particles sized 250-400 μm (325 μm mean
macropore size) (J.T. Baker) were pressure-molded (Carver Press) into disks (1.5 mm thick,
8 mm diameter). These disks were subsequently subjected to a gas-foaming/particulate
leaching technique that results in surface exposure of the incorporated mineral (Harris LD,
et al., 1998). The final HA-containing scaffolds have interconnected macropores (mean
size ~450 μm) and a porosity of ~80% (Davis HE, et al., 2011, Pathi SP, et al., 2010).

2.2.2 Micro-computed tomography (microCT) and geometry reconstruction
3-5 scaffolds were randomly selected and imaged in their entirety using microCT
(HMXST225, Nikon Metrology Inc.). Scanning and mounting parameters were optimized
to maximize image contrast and minimize voxel size (scanning in air, a voltage of 60kV, a
current of 80 μA, and an integration time of 1000 ms resulting in a voxel size of 5.4 μm)
(Fig. 2.1A). Image stacks from the optimized scan were imported into CTPro3D (CTPro,
Nikon Metrology Inc.) for preliminary reconstruction by automatically aligning the images.
This preliminary file was then imported into VGStudioMAX 3.0 (Volume Graphics Inc.)
for reconstruction.
The data were imported as an image stack into Mimics v16.0 (Materialise) for
segmentation and creation of the 3D surface geometry for use in CFD analyses. First, the
image was trimmed to the size of the scaffold (1.45 mm thickness, 8 mm in diameter), and
the 2D images were filtered to remove noise by applying a mean filter (filter radius = 1
pixel) and smoothed using an anisotropic diffusion method called level-set curvature flow
(time step = 0.5, number of iterations = 15) (Malladi R, et al., 1995, Malladi R, et al.,
1997). A region grow process was applied to the stack of filtered 2D images to create a
single 3D object, which removed floating pixel points. Grayscale image files were then
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segmented to separate solid from air, and the threshold value was selected manually to
match the porosity of the physical scaffold [-990 from a total grayscale range (-1023 -769)].

Figure 2.1: 3D reconstruction of scaffold from micro-CT image and CFD simulation
model.
A) A bone-mimicking scaffold fabricated from poly(lactide-co-glycolide) and bone
mineral (hydroxyapaptite) was scanned using high resolution micro-CT images with voxel
size 5.4 μm. B) The 3D surface model of the scaffold was generated using Mimics and
maintained microstructural features, such as pore interconnections (yellow arrows). C) A
cylindrical fluid domain with single inlet and outlet surfaces was added to scaffold model
in order to apply CFD simulation boundary conditions. D) Local mesh refinement was used
at interconnections (red arrows) to optimize simulation accuracy (final volumetric mesh
shown).
Next, the 3D surface model of the scaffold (i.e. the solid phase) was generated
(Calculate 3D function, Mimics) using a smoothing algorithm (“smooth factor” = 0.9, 5
iterations), and this surface model was re-generated with a coarsened surface element size
(4x the micro-CT image resolution in each direction), after which the total number of
surface elements was ~6 million while the void fraction was maintained (Fig. 2.1B). Finally,
the surface model of the fluid domain was generated via subtraction from the solid phase
with a cylinder of 8 mm diameter and 1.65 mm thickness. The additional thickness served
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as flow guidance for the inlet and outlet surfaces of the scaffold model (Fig. 2.1C). This
surface model was used as a geometry in a meshing program ICEM-CFD (Workbench 15.0,
ANSYS), in which the final CFD mesh was created and contained ~36 million tetrahedral
elements with minimum and mean edge lengths of 7.5 μm and 12.45 μm, respectively, in
order to maintain the pore-to-pore interconnection detail (Fig. 2.1D).

Figure 2.2: Computed mechanical signals were selected from an interior region of
interest (sub-domain).
To avoid the effects of applied boundary conditions, fluid-driven mechanical signals
(wall shear stresses, hydrostatic pressures, and velocities) were selected from a scaffold
sub-domain. The sub-domain was 7.0 mm in diameter and 1.1 mm in thickness (‘ROI’
refers to this maximum sub-domain), which is ~1.5 pore sizes away from the CFD model
boundary.
2.2.3 Computational fluid dynamics (CFD) model creation
Simulations were performed using Fluent (Workbench 15.0, ANSYS). Cell culture
medium was assumed to be an incompressible fluid with constant density (1000 kg/m3)
and dynamic viscosity (1.45×10-3 Pa∙s), and the scaffold geometry was assumed to be rigid
(Olivares AL, et al., 2009). An inlet velocity of 100 μm/s was applied to the model, which
was calculated from our pump’s volumetric flow rate (set to 0.3 ml/min) and normalized
by the cross-sectional area of the solid fraction of the scaffold’s surface. Additionally, an
outlet pressure of 0 Pa and no-slip boundary conditions were imposed on the interior fluid-
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solid interfaces as well as on the lateral scaffold walls to simulate direct perfusion through
the scaffold. The Navier-Stokes equations for this case can be written as a continuity
equation:
∇ ∙ (𝜌𝑢
)⃑) = 0,
and a conservation of momentum equation:
&⃑
$%
$(

)

+ (𝑢
)⃑ ∙ ∇)𝑢
)⃑ − 𝜈∇# 𝑢
)⃑ = −∇ G*H,

where ρ is the flow density, 𝑢
)⃑ is the flow velocity, p is the static pressure, and ν is
the dynamic viscosity. The Pressure-Based Coupled Algorithm of Fluent was used with a
convergence criterion of 10-3 for the velocity residual in each direction and for the
continuity residual.
To fully capture the fluid dynamics within the model, the diameter of the
computational model was ~25 times the average macropore size (325 μm) (Maes F, et al.,
2012). To avoid the effects of applied boundary conditions, computed wall shear stresses
(WSSs), hydrostatic pressures, and velocities were limited to a sub-domain ~1.5 pore
diameters away (‘ROI’, the maximum sub-domain size of 7 mm diameter and 1.1 mm
height) (Fig. 2.2) (Maes F, et al., 2012). Velocity streamlines and volumetric velocities
were visualized using the full scaffold model (for Figs. 2.3A,B and 2.4A-C), although
quantitative data were taken from the maximum ROI as described above (for Figs. 2.3C
and 2.4D).
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Figure 2.3: Fluid velocity at scaffold surfaces was highest in regions of large
interconnections, meanwhile wall hydrostatic pressure varied linearly.
A) At the inlet side, incoming velocity streamlines revealed lateral flow towards the region
of the scaffold characterized by larger interconnections. B) At the outlet side of the
scaffold, outgoing streamlines showed more evenly dispersed fluid flow, though a small
region of high velocity was noted, corresponding to the region of high lateral flow at the
surface. Note that the images of velocity streamlines shown here are of the entire scaffold
and not the ROI sub-domain. C) Frequency histograms showed that the magnitude of fluid
flow velocity vectors at inlet surface of the scaffold are higher and more concentrated than
at outlet side. Note that histograms omit velocity values at element surfaces, which are 0
due to no-slip boundary conditions, though these values were included in the overall
frequency calculations. Please see Fig. A.2 for a detailed view in the physiological range
of 1-100 µm/s. D) Contour map at interior sub-domain showed linearly distributed
pressure. Each individual macropore had uniform pressure value (inset).
Additionally, sub-domains of varying diameters and locations (using full subdomain thickness) were selected to characterize how the mechanical microenvironment
varied within the scaffold. Visualized velocity streamlines, wall shear stress color maps,
and wall pressure color maps were created using PostCFD (Workbench 15.0, ANSYS).
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2.3 Results
2.3.1 Fluid flow dispersed uniformly inside the scaffold, resulting in similar
distributions of fluid velocities with longitudinal flow
CFD simulation of a porous bone-mimicking scaffold undergoing 100 um/s of fluid
perfusion was conducted to determine the mechanical microenvironment that cells would
experience in an experiment. Simulated perfusion revealed heterogeneous fluid velocities
and shear stresses (Figs. 2.3-2.4), as expected for a scaffold with a complex
microarchitecture (Fig. 2.1A). Additionally, the distributions of these stimuli were
uniformly dispersed throughout the scaffold’s interior; specifically, the distributions
remained similar across multiple scaffold regions, as outlined in more detail in subsequent
sections. This result was also expected because the gas foaming/particulate leaching
method of fabricating the scaffold results in uniformly distributed macropores (Harris LD,
et al., 1998). At the inlet surface of the scaffold (i.e. 2 voxels below the absolute inlet
surface of the scaffold geometry), fluid exhibited lateral flow as it entered the scaffold into
macropores with large interconnections (Fig. 2.3A, C). The velocity at the inlet surface
reached a maximum of 6.4 mm/s, though the median velocity was much lower at 53.6 μm/s.
At the outlet surface (i.e. 2 voxels above the absolute outlet surface of the scaffold
geometry), this preferential lateral flow was much less pronounced, resulting in more
evenly dispersed fluid flow and a lower median velocity (19.8 μm/s) (Fig. 2.3B, C). Wall
hydrostatic pressure decreased with longitudinal flow and was approximately constant
across transverse scaffold sections, indicating a linear decrement from the inlet surface
(median = 3760 mPa) to outlet surface (median = 0.029 mPa). In particular, the hydrostatic
pressure was roughly constant within each individual macropore (Fig. 2.3D).
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As fluid entered the scaffold interior, it dispersed uniformly among pores, as shown
by volumetric velocity heat maps of serial transverse cut planes through the scaffold (Fig.
2.4A-C). This was confirmed by comparing the frequency histograms of velocities from
each cut plane. Each cut plane exhibited normally-distributed velocity, which was
maintained with longitudinal flow (i.e. from inlet to outlet surfaces) through the scaffold
(25% plane: median=60.7 μm/s, max=3110 μm/s, min=0 μm/s; 50% plane: median=58.8
μm/s, max=4260 μm/s, min=0 μm/s; 75% plane: median=58.1 μm/s, max=3540 μm/s,
min=0 μm/s) (Fig. 2.4D)

Figure 2.4: Interior flow velocities were uniformly dispersed with longitudinal flow.
Within the scaffold interior, fluid flowing longitudinally through the scaffold was
uniformly dispersed, as shown by transverse cut planes at A) 25%, B) 50%, and C) 75% of
scaffold thickness. D) These results were further confirmed upon examination of the
corresponding frequency histograms of the magnitude of fluid flow velocity vectors. Note
that the histograms of velocity magnitudes are only from the indicated cut plane and not
from the ROI sub-domain, and that histograms omit zero velocity values at element
surfaces. Please see Fig. A2 for a detailed view in the physiological range of 1-100 µm/s.
Blue arrows indicate flow direction.
2.3.2 Fluid flow-induced wall shear stresses were uniformly dispersed throughout
the scaffold interior
Consistent with the results for fluid flow velocities, the resulting wall shear stresses
(WSSs) were also uniformly dispersed throughout the scaffold’s interior. To characterize
the interior mechanical microenvironment, WSSs were examined in the longitudinal and
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lateral directions. WSSs in serial transverse cut planes remained heterogeneous and
uniformly dispersed (Fig. 2.5).

Figure 2.5: Interior wall shear stresses were uniformly dispersed in the longitudinal
direction.
Within the scaffold interior, the wall shear stresses were uniformly dispersed in the
longitudinal direction, as shown by transverse cut planes at A) 25%, B) 50%, and C) 75%
of scaffold thickness. Blue arrows indicate flow direction. D) These results were further
confirmed upon examination of the corresponding frequency histograms of wall shear
stresses, which include all scaffold wall shear stresses from the indicated transverse cut
plane to the outlet surface, as shown by the scaffold cut plane schematic below each heat
map in A)-C). Please see Fig. A.1A for a detailed view in the physiological range of 1-100
mPa.
The highest WSS values (>50 mPa) were observed at the interconnections between
macropores, indicating that there was perfusion throughout every macropore, and lower
WSS values (<15 mPa) were observed at macropore walls away from interconnections.
Analogous results were found upon examination of WSSs in the lateral direction (i.e. from
side wall to side wall) through the scaffold, in which WSSs were similarly dispersed across
the scaffold thickness at each longitudinal cut plane (Fig. 2.6).
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Figure 2.6: Interior wall shear stresses were uniformly dispersed in the lateral
direction.
Similar to the longitudinal direction, the wall shear stresses were uniformly dispersed in
the lateral direction, as shown by longitudinal cut planes at (A) 25%, (B) 50%, and (C)
75% of scaffold diameter. Blue arrows indicate flow direction. (D) These results were
further confirmed upon examination of the corresponding frequency histograms of wall
shear stresses, which include all scaffold wall shear stresses as shown by the scaffold cut
plane schematic next to each heat maps in (A-C). Please see Fig. A.1B for a detailed view
in the physiological range of 1-100 mPa.
2.3.3 Wall shear stress distribution was independent of model sub-domain diameter
and location
To further characterize the WSSs inside the scaffold, two series of interior subdomains were selected – one that varied the sub-domain diameter (Fig. 2.7A) and one that
varied the sub-domain location (Fig. 2.7B) – and WSS distributions were compared. WSS
distribution was unaffected by sub-domain size down to 1/5 of the scaffold’s physical
diameter (1.6 mm), as shown by similar WSS frequency histograms across all examined
sub-domain diameters. Subsequently, multiple sub-domains (diameter 1.6 mm) were
selected from various locations within the full model. The resulting WSS frequency
histograms were independent of sub-domain location. Taken together, our computational
results indicate that, when seeded in our bone-mimicking scaffolds, local populations of
cells throughout the scaffold would experience similar mechanical microenvironments.
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Figure 2.7: Wall shear stress distribution was independent of sub-domain size and
sub-domain location.
A) Schematic showing the interior sub-domains with varying diameters selected from the
full scaffold domain. Diameters ranged from the maximum sub-domain (7.0 mm, ‘ROI’)
down to 1.6 mm. B) The wall shear stress distributions were independent of sub-domain
size, as shown by similar frequency histograms across varying diameters. C) Schematic
showing small interior sub-domains (1.6 mm diameter) positioned in 5 different locations
within the whole domain. D) The resulting wall shear stress distributions were also
independent of sub-domain location, as shown by similar frequency histograms across
different locations. Additionally, the distributions were similar to the full scaffold domain
(7.0 mm diameter, ‘ROI’).
2.4 Discussion
We sought to quantify the mechanical microenvironment of a bone-mimetic
scaffold undergoing fluid perfusion by creating a micro-CT-based computational fluid
dynamic model. Our results showed that fluid flow dispersed evenly inside the scaffold,
resulting in uniformly dispersed fluid velocity and wall shear stresses throughout the
scaffold’s interior. Furthermore, the distribution of wall shear stresses within various subdomains were independent of sub-domain diameter (down to 1.6 mm) and location. Taken
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together, our results indicate that the local mechanical microenvironment of cells seeded
within our scaffold is similar throughout the scaffold under externally applied fluid
perfusion.
The mechanical environment of our bone mimetic undergoing 100 μm/sec of
applied perfusion is predicted to be within the physiological range for a bone anabolic
response (Fig. A.1), validating that our computational model recapitulates the anabolic
mechanical environment during in vivo tibial loading (Lynch ME, et al., 2013, Lynch ME,
et al., 2010). The majority (~80%) of the internal wall shear stresses fell between 1-100
mPa (median = 10 mPa), a range that is similar to many other osteogenic 3D perfusion
studies [5 mPa (Sikavitsas VI, et al., 2005), 10 mPa (Frohlich M, et al., 2010), 20 mPa
(Grayson WL, et al., 2011, Jaasma MJ, et al., 2008, Partap S, et al., 2010, Plunkett NA, et
al., 2010), 30 mPa (Sikavitsas VI, et al., 2003), 100 mPa (Bancroft GN, et al., 2002)] (Maes
F, et al., 2012, McCoy RJ, et al., 2010, Sladkova M, et al., 2014). These 3D studies, like
ours, required either computational models or simplifying assumptions (e.g. parallel tubes)
to estimate the internal stresses of a 3D structure. How wall shear stresses may affect breast
cancer cells in the bone microenvironment is still unclear. Additionally, our flow velocity
values are in the range of interstitial flow velocities that occur during tibial loading [peak
canalicular fluid velocity ~60 μm/sec, as determined by in vivo fluorescence recovery after
photobleaching (FRAP)] (Figs. A.2,3) (Price C, et al., 2011). It is possible that the largest
shear stresses estimated to occur within the scaffold cause a portion of cells to detach upon
application of in vitro perfusion (average of the maximum WSSs across all sub-domains =
2.2 ± 0.7 Pa) (Alvarez-Barreto JF, et al., 2007, Cartmell SH, et al., 2003). However, with
a mean macropore size of 325 μm, the majority of cells (<97%) are expected to remain
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attached due to a likely ‘flat’ configuration within the pores and thus remain attached to
the scaffold (McCoy RJ, et al., 2012).
The frequency distribution of fluid flow velocity through our bone-mimicking
scaffold followed a nearly normal distribution, likely because the macropores in scaffolds
fabricated using the gas foaming/particulate leaching method are uniformly distributed
(Harris LD, et al., 1998). Our results also demonstrate that the presence of hydroxyapatite
does not alter the expected pore distribution or internal mechanics. Furthermore, the wall
shear stresses followed a slightly skewed distribution, which others have observed in saltleached silk fibroin and free-form fabricated PCL scaffolds (Zermatten E, et al., 2014),
salt-leached PLLA scaffolds (Voronov R, et al., 2010), lyophilized collagen-GAG
scaffolds (Jungreuthmayer C, et al., 2009), and gel-casted titanium and hydroxyapatite
scaffolds (Maes F, et al., 2012). Corresponding with our results, several of these studies
also demonstrated similar distributions with longitudinal flow through the scaffold
(Zermatten E, et al., 2014) and in small sub-domains from different locations
(Jungreuthmayer C, et al., 2009). The shapes of these distributions would likely be different,
however, if the pore distribution were altered. For example, when the pore distribution was
altered due to manufacturing defects during the gas-foaming fabrication process, internal
fluid flow patterns changed, leading to corresponding different wall shear stress
distribution and magnitude (Voronov, R., et al.,). Additionally, if osteolysis in the scaffold
were to occur (either due to direct cancer cell osteolysis or if osteoblasts and osteoclasts
are included to enable bone remodeling), the pore sizes and distributions would change
with concomitant changes in flow and mechanical stimuli through the scaffold. For
example, we hypothesize that osteolysis would cause pore wall destruction and matrix
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degradation, leading to increases in macropore size. This would result in lower wall shear
stresses and greater scaffold hydraulic permeability in degraded areas. The opposite would
be true for areas of bone formation, in which pores would decrease in size. However, this
is purely speculative as there is very little literature investigating the integrated effects of
loading and metastasis.
In the context of breast cancer, tumor cells at the primary site are estimated to
experience interstitial flow velocities between 0.1 and 10 μm/sec (Munson JM, et al., 2014),
which is approximately in the range expected in our scaffold when perfusion is applied at
100 µm/s. When breast cancer cells were cultured in 3D scaffolds that mimicked breast
tissue (10 μm/sec), fluid flow increased the proportion of migratory cells and enhanced
their migration (Haessler U, et al., 2012, Munson JM, et al., 2013, Polacheck WJ, et al.,
2011). Whether this response is conserved after metastasis to the skeleton has occurred and
the cells are expected to experience slightly higher flow velocities, especially with applied
loading, requires further investigation. Compression-induced fluid flow reduced breast
cancer cell gene expression of Runx2, a transcription factor that is required to induce
osteolysis in bone metastatic breast cancer (Barnes GL, et al., 2004, Lynch ME, et al.,
2013). In contrast, compression-induced fluid flow upregulated Runx2 expression in
osteosarcoma cells, leading to enhanced survival and chemotherapy resistance (MarturanoKruik A, et al., 2018, Sadikovic B, et al., 2010). The computed stimuli in the osteosarcoma
study (max velocity ~4.0 μm/sec, max pressure ~1.4 kPa), however, were much lower than
our values. Taken together, these studies highlight the need to investigate the intersection
between mechanical stimuli and bone cancer further. Moreover, the relative contributions
of matrix deformation and interstitial fluid flow, stimuli inherent to the skeleton mechanical
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environment, also require examination. In the current study, we focused on interstitial fluid
flow, accomplished by applying perfusion in vitro, due to its well-documented role in
breast cancer metastasis and in stimulating bone anabolism (Fritton SP, et al., 2009), but
matrix strain likely also plays a role (Lynch ME, et al., 2013, Marturano-Kruik A, et al.,
2018, Pagnotti GM, et al., 2012).
In creating our current CFD model, we initially imaged multiple scaffolds. Upon
examination, all appeared similar to each other and none exhibited any abnormalities when
compared to our previous work (Lynch ME, et al., 2013, Lynch ME, et al., 2016) and that
of others using this type of scaffold (Davis HE, et al., 2009, Pathi SP, et al., 2010)). They
also did not exhibit any defects, which we would have expected to manifest in shifts in the
frequency distributions when we compared multiple sub-domains of various sizes and
locations (Voronov R, et al., 2010). In the end, however, we ultimately created our CFD
model from the micro-CT image a single scaffold, and it is possible that we did not capture
potential variabilities in the fabrication process. This will require future studies studying
variability across batches and users.
In summary, we have created a full-scale, image-based computational model of
direct perfusion being applied to a bone-mimicking scaffold used to model bone metastasis
(Lynch ME, et al., 2013, Lynch ME, et al., 2016), which can be used to predict the internal
mechanical environment during experimentation
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CHAPTER 3
MULTI-PHYSICS COMPUTATION SIMULATION OF AN IN VITRO BONE
METASTATIC BREAST CANCER MODEL UNDERGOES COMPRESSION
AND PERFUSION PREDICTED DYNAMIC, COMPLICATED MECHANICAL
MICROENVIRONMENT
3.1 Introduction
Breast cancer bone metastasis is a devastating diagnosis with a dismal prognosis.
In particular, roughly 3 in 4 patients with advanced breast cancer develop incurable bone
metastases (Society AC, 2017), with survival rates of approximately 30% (Siegel RL, et
al., 2018). Once in bone, metastatic breast cancer cells support their survival and growth
by appropriating the bone remodeling process in a feedforward ‘vicious cycle’ (Kingsley
LA, et al., 2007, Weilbaecher KN, et al., 2011). This results in a heightened risk for
suffering skeletal-related events (SREs), including nerve compression, severe bone pain,
and fracture, which reduces the quality of life, increases the risk for subsequent SREs and
early death (Hortobagyi GN, et al., 1998, Saad F, et al., 2004). In breast cancer, the
metastatic lesions are overwhelmingly osteolytic, meaning the dysregulated remodeling
process results in net bone loss. Increased mechanical loading, in contrast, is well-known
to stimulate anabolic bone remodeling, leading to bone loss mitigation or increased bone
mass (Turner CH, 1998). Recently, the application of mechanical loading has been used to
inhibit or slow cancer-induced bone loss (Lynch ME, et al., 2013, Pagnotti GM, et al.,
2016), demonstrating that the mechanical microenvironment is an essential parameter in
breast cancer bone metastasis and suggesting that modulation of the mechanical
environment is a potential avenue for improving clinical outcomes.
Two types of mechanical stimuli within the bone matrix are considered to be the
main driving signals in bone adaptation, specifically for stimulating bone formation
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(Duncan RL, et al., 1995, Robling AG, et al., 2009, Weinbaum S, et al., 1994): 1) interstitial
fluid flow (IFF) and 2) matrix deformations (‘strains’). At the tissue level, when an external
compressive force (usually cyclic) is applied to a bone, it generates not only solid strains
(such as normal strain and shear strain), but also fluid flow throughout the porous tissue.
Many groups have also studied these two signals in vitro using tissue engineering scaffolds
that typically loaded with compression or perfusion. Although, these two signals are
typically studied in isolation, with applied IFF being the more common approach (Hung
BP, et al., 2013, Rauh J, et al., 2011). In fact, the effects of flow on bone cells have been
primarily determined using in vitro studies due to the limitations of quantifying and
controlling IFF in vivo. Similarly, cyclic compression applied to bone explants
(Birmingham E, et al., 2016, Chan ME, et al., 2009) or to tissue engineered scaffolds (Chen
X, et al., 2017, Duty AO, et al., 2007, Matziolis D, et al., 2011) also stimulates osteogenesis.
However, Only a few studies have explored both signals simultaneously (Birmingham E,
et al., 2016, Marturano-Kruik A, et al., 2018). The inclusion of these mechanical signals in
in vitro model systems is essential for recreation of the bone microenvironment, and they
can also be leveraged to elucidate the effects of mechanical stimuli in breast cancer related
bone metastasis, including delineating the relative effects of matrix deformation and fluid
flow. However, individual role of these two stimuli in cancer-induced bone disease are
seldom studied, let alone analyzed simultaneously. In order to understand the mechanical
regulation of breast cancer bone metastasis, in vitro cancer models that consider both IFF
and solid strain are needed.
Characterization of the complex mechanical microenvironment is one of the key
factors in order to carry out the proposed in vitro experiment to understand how external
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forces modulate cancer cell responses in bone. Many groups have utilized analytical and
theoretical models to understand the mechanical stimuli in bone matrix and in vitro tissue
engineering scaffolds. For instance, Computational approaches, such as the finite element
(FE) method, have been applied to estimate stresses and strains throughout the skeleton
and scaffolds. By using FE method, researchers can not only correlated bone formation to
local bone strain but also have a better idea of designing and planning experiments based
on simulated strains. Computational Fluid Dynamic (CFD) approach was also used to
estimate the flow field, especially in scaffolds. Image-based geometric reconstruction,
typically using micro-computed tomography (CT) images, is becoming more common
because they capture true bone and scaffold structure better, thus predict IFF and solid
strain profiles more accurately. However, the imaged-based approach is massively timeconsuming. Most studies using this method are limited to small sub-domains or low
detailed models. In previous study, we have successfully established a full scaffold CFD
model based on high-resolution CT-scan to estimate the flow field and WSS in 3D bone
mimicking scaffold, which will be used in our potential compression-perfusion in vitro
experiments. The results showed that fluid flow dispersed evenly inside the scaffold,
provided a uniform, predictable fluid mechanical microenvironment for breast cancer cells.
Furthermore, the distribution of WSS within various sub-domains was independent of subdomain diameter (down to 1.6 mm) and location, indicated a partial scaffold model could
be used in the future in order to save computational time. However, as described previously,
when mechanical compression is applied to porous fluid-filled tissue, or in this case, to
scaffolds, fluid flow will develop. Scaffold solid strain that is induced by compression
along with its effect on the flow field needs to be characterized. Multiphysics approaches
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that combine both solid and fluid mechanical analysis must be used to simulate such a
complicated mechanical environment. This is also true for multi-modal in vitro loading
experiments (i.e., compression and perfusion are applied in combination). Only a few
groups have successfully established multi-physics model simulations to quantify a
compression-induced fluid profile (Birmingham E, et al., 2016, Marturano-Kruik A, et al.,
2018, Zhao F, et al., 2015) in bone or tissue engineering scaffolds. One of the common
approaches is utilizing the fluid-structure interaction (FSI) method, which models the
interaction between a fluid and a deformable structure. For example, trabecular bone
explants seeded with MSCs undergoing 2000 με of bulk compression was simulated with
an FSI model in which the bone was deformable, and the bone marrow was considered a
fluid, with resulting shear stresses in the bone marrow were calculated to be 20-50 mPa
(Birmingham E, et al., 2016). Few cancer models considered multi-physics simulation. One
ES model estimated that 1% bulk compression generated 0.5-4 um/s IFF velocities in a
collagen-based bone scaffold seeded with ES cells, which increased their chemoresistance
(Marturano-Kruik A, et al., 2018). However, this model is based on a simplified poroelastic model. Thus, we created a multi-physics computational model of a bone mimicking
scaffold that will be potentially applied to in vitro multi-modal (compression and perfusion)
experiments (Fig. 3.1) in order to regulate the effect of mechanical stimuli in bone
metastatic breast cancer.

58

3.2 Materials and Methods
3.2.1 Scaffold fabrication
The highly porous bone-mimicking scaffolds this model based on (Fig. 3.1A) were
prepared from in house made poly(lactide-co-glycolide) (PLGA) microspheres and
hydroxyapatite (HA) using previously established methods (Lynch ME, et al., 2016, Pathi
SP, et al., 2010). 8 mg of microspheres, 8 mg of HA particles (Sigma, average diameter of
200 nm), and 152 mg of NaCl particles sized 250-400 μm (325 μm mean macropore size)
(J.T. Baker) were pressure-molded (Carver Press) into disks (1.5 mm thick, 8 mm diameter).
The disks were subsequently subjected to a gas-foaming/particulate leaching technique that
results in surface exposure of the incorporated mineral (Harris LD, et al., 1998) as well as
interconnected macropores (mean size ~450 μm). The final HA-containing scaffolds have
a porosity of ~80% (Davis HE, et al., 2011, Pathi SP, et al., 2010).

Figure 3.1: In vitro multi-modal loading system with 3D biomaterial scaffolds.
A) Breast cancer cells will be seeded in bone-mimicking scaffold fabricated from
poly(lactide-co-glycolide) and bone mineral (hydroxyapatite). Scaffolds will be loaded in
a multi-modal bioreactor system with dynamic compression and/or direct perfusion. B)
The compression loadings have a sine waveform with frequency at 1 Hz.
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3.2.2 Micro-computed tomography (micro-CT) and geometry reconstruction
The geometry of this multi-physics model share the same micro-CT image of our
previous CFD model(Liu B, et al., 2018). The scaffold was imaged using micro-CT
(HMXST225, Nikon Metrology Inc.) with scanning and mounting parameters optimized
to maximize image contrast and minimize voxel size (scanning in air, a voltage of 60kV, a
current of 80 μA, and an integration time of 1000 ms resulting in a voxel size of 5.4 μm)
(Fig. 3.2A). Image stacks from the optimized scan were imported into CTPro3D (CTPro,
Nikon Metrology Inc.) for preliminary reconstruction by automatically aligning the images.

Figure 3.2: 3D reconstruction of scaffold from micro-CT image and solid-fluid
assembly model.
A) A scaffold was scanned using high-resolution micro-CT images with voxel size 5.4 μm.
B) The 3D voxel model of the scaffold (ivory) was generated using ScanIP as well as a 3D
cylinder model (pink) of 1.2 mm thick and 2 mm wide for cropping the whole scaffold to
a smaller sub-domain. C) A voxel assembly cropped from the previous cylindrical model
utilizing Boolean operations that contain both solid scaffold domain (ivory) and fluid
domain (cyan).
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In our previous work, the stacked images were segmented and reconstructed to a
3D surface model. Then the surface model was used as a geometry to create an FE mesh
for future simulations. However, such approach could not provide us a multi-physics model
with good quality due to the complex geometry of the scaffold. Instead, the image data was
imported into Simpleware ScanIP (Synopsys) for segmentation and directly transformed
into a volumetric mesh containing both solid and fluid domains. In this approach, the
images were filtered to remove noise and smoothed by applying a mean filter (filter radius
= 1 pixel) first. Grayscale stacked images were then segmented to separate solid from the
air (threshold value used in this model matches our previous model (Liu B, et al., 2018) to
maintain consistency between each model). The scaffold image data was presented as a
voxel model after the segmentation. Next, a voxel model of a cylinder was created to trim
the scaffold into a smaller domain (1.2 mm thickness, 2 mm in diameter) for shorter
computation (Fig. 3.2B). Boolean operation (Foley JD, 1996) intersection between the
cylinder and scaffold voxel model was used to create the final solid domain representing
the scaffold. In contrast, Boolean operation subtraction was used to generate the fluid
domain (the remaining void) (Fig. 3.2C). Finally, the two domains were meshed together
by replacing existing voxels directly to volumetric tetrahedral elements (Fig. 3.3A). The
final mesh contains both solid and fluid domain with watertight assembly (Fig. 3.3B) and
interfaces with shared notes (Fig. 3.3C).

3.2.3 Multiphysics computational model creation
A total of eight different experimental treatments were simulated (Fig. 1.7) in this
study, with a combination of no compression (C-), low compression (5% bulk strain, C+),
high compression (10% bulk strain, C++), no perfusion (P-), low perfusion (0.3 mL/min,
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P+) and high perfusion (0.6 mL/min, P++). Two of them (C-P+ and C-P++) were in pure
perfusion treatments and performed using only Fluent (Workbench 19.0, ANSYS, Inc.), a
CFD solver. The rest were in multi-physics conditions, which utilized Transient Structural
(FE solver), Fluent and System Coupling (FSI) (Workbench 19.0, ANSYS, Inc.).

Figure 3.3: Multi-physics mesh assembly.
A) Volumetric meshes of solid and fluid domain were directly generated in ScanIP from
3D voxel models created previously. B) Solid and fluid surface meshes formed a watertight
assembly along with shared nodes one the interior solid-fluid interfaces.
To establish the CFD and multi-physics models, the solid domain of previously
generated mesh assembly was imported to Transient Structural (Workbench 19.0, ANSYS,
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Inc.). In Transient Structural (Workbench 19.0, ANSYS, Inc.), Equation of motion was
solved in matrix form:
[𝑀]{𝑥̈ } + [𝐶 ]{𝑥̇ } + [𝐾 ]{𝑥 }={𝐹(𝑡)}
where [𝑀]{𝑥̈ } represents the inertia forces, [𝐶 ]{𝑥̇ } represents the damping forces,
[𝐾 ]{𝑥 } represents elastic forces, and {𝐹(𝑡)} is the dynamic load vector. The material of
solid domain, which is a mixture of PLGA polymer and HA was assumed to be isotropic
elastic. A Young’s modulus and Poisson’s ratio of 2 GPa and 0.3 were taken from a similar
PLGA based scaffold (Agrawal CM, et al., 2001, Holland SJ, et al., 1987, Zhao F, et al.,
2015). The material had a density of 2100 kg/m3, which was calculated from PLGA (Blasi
P, et al., 2005) and HA (Larrañaga MD, et al., 2007) with 1:1 weight ratio according to
previous fabrication protocol. To simulate the dynamic compressions applied on top of the
scaffolds (Fig. 3.1B), a transient 60 μm displacement (5% bulk strain, C+) or 120 μm
displacement (10% bulk strain, C++) was applied at top surfaces of the solid domain. The
dynamic displacements had sine waveforms at 1 Hz. Bottom surfaces were modeled as
fixed supports. The side walls were constrained to allow only in-plane displacements.
Finally, fluid-solid shared interfaces were set to allow data transfer (Fig. 3.4).
The fluid domain, which filled with Dulbecco’s Modified Eagle Medium (DMEM),
was simulated in Fluent (Workbench 19.0, ANSYS, Inc.) as incompressible fluid with a
constant density (1000 kg/m3) and dynamic viscosity (1.45×10-3 Pa∙s) (Olivares AL, et al.,
2009). In Fluent, Navier-Stokes equations, in which case were written as a continuity
equation:
∇ ∙ (𝜌𝑢
)⃑) = 0
and a conservation of momentum equation:

63

𝜕𝑢
)⃑
𝑝
+ (𝑢
)⃑ ∙ ∇)𝑢
)⃑ − 𝜈∇# 𝑢
)⃑ = −∇ E F
𝜕𝑡
𝜌
were solved, where ρ is the flow density, 𝑢
)⃑ is the flow velocity, p is the static
pressure, and ν is the dynamic viscosity. The Pressure-Based Coupled Algorithm of Fluent
was used with a convergence criterion of 10-3 for the velocity residual in each direction and
for the continuity residual.

Figure 3.4: Boundary conditions applied to multi-physics simulation model.
Solid and fluid meshes were assembled together. Both phases were assigned to proper
material properties, boundary conditions, and simulation solver. Interior solid-fluid
interface was linked together in order to transfer coupled data (i.e., solid displacements and
fluid forces).
In each CFD model, the lateral side boundary was set as a no-slip wall. Boundary
conditions of 100 μm/sec velocity and 0 Pa pressure were defined at the bottom inlet and
top outlet to simulate the direct perfusion in conditions with low perfusion (0.3 mL/min,
P+). Similarly, 200 μm/sec bottom inlet velocity was applied to models with high perfusion
(0.6 mL/min, P++). To mimic fluid flow induced by compression in treatments C+P- and
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C++P-, a separate boundary condition in CFD models was utilized in which both inlet and
outlet were instead set at 0 Pa pressure. In order to couple with deforming solid domains,
those CFD models simulating treatments with compressions were set to have deformable
mesh. A remesh algorithm was applied with the same meshing parameters used in initial
model generation. This algorithm would update the new fluid domain mesh when necessary
in order to maintain good mesh quality during the simulation. Finally, fluid-solid interfaces
were set (Fig. 3.4).
For those multi-physics models, FE solver and CFD solver were linked together by
System Coupling (Workbench 19.0, ANSYS, Inc.) in order to perform FSI simulations.
During the simulation, the whole loading cycles were broken into time steps while the
equations in either FE solver and CFD solver were solved following a staggered iteration
strategy. In each time step, fluid mesh updated its shape following solid deformation, and
subsequently, the CFD simulation was solved under the new mesh. In the meantime,
remesh algorithms were deployed when necessary to avoid highly skewed elements. Then,
Transient Structural solved the FE simulation considering the applied boundary and the
fluid forces that transferred from solid-fluid interface based on the results from the last
CFD calculation. The calculations continually took place until a full loading cycle was
finished. All simulations in this study were performed on remote Linux clusters [The
Massachusetts Green High Performance Computing Center (MGHPCC)] with 16 cores
(Intel(R) Xeon(R) CPU E5-2650 v3 @ 2.30GHz with 128GB RAM).
After the simulations, both FE solver and CFD solver were linked to PostCFD
(Workbench 15.0, ANSYS) for results exporting and visualization where velocity vectors,
wall shear stress color maps, and solid strain color maps were created.
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3.3 Results
3.3.1 Model sensitivity test
Multiple simulations were carried out prior to the rest for testing model sensitivities.
A mesh sensitivity test was performed to determine what element size would be used in
our study. A total of four different models were generated in which the fluid domains were
simulated as P+ condition (low perfusion loading with 100 μm/sec inlet velocity) in CFD
solver. The models had an element number range from ~44000 to ~504000, with the
highest element number model was four times smaller in element sizes (both maximum
and minimum element length) than the lowest. The resulting WSS distributions of each
model were nearly identical (Fig. 3.5A), indicated that our starting sensitivity model had
fine enough element sizes to describe such complicated geometry, similar to what other
people have experienced (Zhao F, et al., 2019). In fact, any coarser model would not pass
mesh quality tests or had internal errors. In the end, we decided to choose mesh number 2,
which had the same element sizes (minimum element length of 0.02mm, roughly four times
of initial micro-CT voxel size) in our previous CFD study (Liu B, et al., 2018) to maintain
consistency.
Another sensitivity test was performed to decide time steps used in multi-physics
models. C+P+ condition was applied in 3 different simulations with 40, 100 and 200 time
steps per loading cycle (1s). Distributions of solid-fluid interface WSS of each model at
0.25 s were plotted and revealed almost the same results (Fig. 3.5B). We chose 100 time
steps per loading cycle for this study at the end to achieve a balance between data points
and simulating time.
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Figure 3.5: Results of sensitivity tests.
A) 4 meshes with different element sizes were simulated in CFD solver and found a little
difference in WSS. Mesh 2 that used the same element size in our previous study was
chosen to maintain consistency. B) 3 different time steps settings were studied with C+P+
multi-physics condition and found no difference in WSS. The setting of 100 timesteps per
one loading cycle was chosen in a balance of data points and simulation time. C) Solid
surface strains of the C+ and C+P+ simulations showed identical distributions indicated
that 1-way FSI is accurate enough. D) 2 Loading cycles were simulated using C+P+
condition and revealed identical resulting WSS waveform. Simulating one cycle is efficient
enough.
The multi-physics model of our sensitivity studies was two-way FSI coupling,
meaning solid deformation and fluid forces were transferred from both ends on solid-fluid
interfaces. In addition, we ran a FE simulation that calculated only solid compression. The
identical solid strain distributions between FSI and FE model indicated that with the given
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material properties and boundary conditions, fluid forces were not strong enough to deform
solid structures (Fig. 3.5C). Thus, we set our multi-physics models to one-way coupling
simulations, allowing only solid deformation transfers.
Finally, an additional test was done to determine the number of loading cycles to
simulate. The same C+P+ condition was used in a model that set to simulate two full
loading cycles (2s). WSSs were calculated from the solid-fluid interface on each loading
cycle and median values of these WSS were plotted. The results showed identical curves
on the first and second cycle, meaning the simulation of 1 cycle is enough (Fig. 3.5D).

3.3.2 Principal solid strains spread out evenly on scaffold surfaces, with intensity
doubled from doubled applied bulk strain (5% to 10%)
As explained previously, scaffold deformation was independent of fluid flow. Thus
results from solid models in six (C+P-, C+P+, C+P++, C++P-, C++P+, C++P++) of the
total eight conditions were examined into two groups (C+ and C++). The maximum
deformations of the whole loading cycle occurred at 0.5 s, as we expected. At this moment,
heat maps on the solid-fluid interface revealed evenly spread out principal strains
throughout the entire scaffold (Fig. 3.6A) with a few strain concentrations. Distributions
of principal strains in C+ condition at 0.5s showed that the majority of strains (>70%) were
within 0.005-0.02 while in C++ conditions, strains were located in a higher range 0.010.04, which is twice as much. The strain distribution of each case was identical with double
bin width (0.005 in C+ and 0.01 in C++) showed that the principal strains on scaffold solidfluid interfaces linearly increased twice with doubled loading (Fig 3.6B). This was also
proven with doubled mean values (0.0133 in C+, 0.0265 in C++) as well as median values
(0.0117 in C+ and 0.0235).
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Figure 3.6: Heat maps and distributions of surface principle strain of low and high
compression.
A) Surface strain contours of 5% compression were distributed evenly in the scaffold with
70% values located in 0.005-0.02 range. B) 10% compression showed nearly identical
distribution with twice bin width, indicated that strains were perfectly doubled.
3.3.3 WSSs showed symmetrical waveform in compression-only conditions
The resulting WSSs of each model were calculated from solid-fluid interfaces on
all saved time steps (20 out of 100). The median values of WSSs showed dynamic
waveform on all six multi-physics models along the whole loading cycle length (Fig. 3.7).
WSSs induced by compression, without perfusion involved (C+P- and C++P-) revealed
symmetrical waveforms, in which no WSS was observed on 0 s, 0.5 s, and 1 s. Peak WSS
values were found at 0.25 s and 0.75 s when moving solid boundary had maximum velocity,
according to our loading waveform (Fig. 3.1B). The peak values were 50 mPa and 100
mPa for C+P- and C++P-, respectively.

69

Figure 3.7: Median WSS curves of each simulation along the loading cycle.
WSS induced by compression, without perfusion involved, raveled symmetrical
waveforms. When loaded with both compression and perfusion, the waveforms were
asymmetric. Peak WSS values occurred at 0.25 s of each cycle and were increased with
higher loadings.
3.3.4 WSS waveforms were asymmetric with co-exist of both compression and
perfusion
When compression and perfusion were applied together, WSS waveforms showed
asymmetry, in which peak WSSs were higher in the first half of the loading cycle (Fig. 3.7).
Compression induced fluid flow seems canceling perfusion in the second half. To fully
understand the fluid field within, we specifically chose C+P+ model, generated fluid
velocity vectors at 0.25 and 0.75 s. At 0.25 s, solid scaffold walls had maximum downward
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velocity (~200 um/s at the top boundary, Fig. B.1), which was against perfused fluid flow.
Since the fluid was assumed incompressible, the opposing velocity boosted the total
upward fluid flow, thus much higher upward velocity vectors were seen (Fig. 3.8A).

Figure 3.8: Dynamically changed fluid velocities were asymmetric along the whole
loading cycle.
A) In the C+P+ model, fluid velocity vectors at 0.25 s showed stronger fluid flow going
upward, same as perfusion direction. B) Fluid flow was much lower at 0.75 s with some
reversed vectors seen. C) Mean total velocity and D) mean axial velocity of interior
transversely cut cross-sections both revealed stronger fluid flow in the first half of the
loading cycle.
On the contrary, at 0.75 s solid walls had maximum velocity to the same direction
of fluid flow. This reduced the total speed and even created a negatively downward flow
at some local sites (Fig. 3.8B). The changing direction of solid walls coupled with steady
perfusion resulted in the asymmetry in dynamic WSS waveforms. Additionally, five
transverse cut planes were selected in C+P+ model from top to bottom on which mean
velocity values were calculated. Similar results were observed that fluid flow velocities
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(Fig. 3.8C) and velocity vectors along model axial direction (z) (Fig. 3.8D) were much
higher in the first half than the second, promoted the asymmetry in WSSs.

Figure 3.9: WSS distributions of low compression.
A) and high compression B) at 0.25 s and 0.75 s. Distributions of WSS were shifting
towards a higher range with increased mechanical loadings. When loaded with both
compression and perfusion, WSS values were higher in the first half of the loading cycle.
3.3.4 Applied compression increased WSSs in the whole cycle, while perfusion only
boosted WSSs in the first half
Comparing WSS median values in all P-, P+ groups, or P++ groups, increasing
compression loadings were observed to promote higher WSSs in the whole loading cycle,
with peak WSS ranging from 4 mPa to 27 mPa (full data can be seen at Fig. B.2A~B.9A).
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On the other hand, with the same compression loading, additional perfusion was observed
to increase WSS values only in the first half. This dynamic behavior can also been seen in
WSS distribution histograms that WSS values shifted to a higher range in 0.25 s compared
to 0.75 s, with increased perfusion (Fig. 3.9) (full data can be seen at Fig. B.2B~B.9B).

Figure 3.10: WSS heat maps of each simulation at 0.25 s.
Peak WSS values occurred at 0.25 s of the loading cycle. WSSs were higher whit either
higher compression, perfusion, or both. The maximum peak value among all was observed
in the C++P++ condition.
The WSS heat maps at 0.25s of each simulation also confirmed that increased
mechanical loading boosted WSS at that moment (Fig. 3.10). The WSS heat maps also
revealed uniformly dispersed fluid stimuli within the scaffold interior, same as we
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discovered previously (Liu B, et al., 2018). Both histograms and heat maps revealed that
the most WSS values (1-100 mPa) are within the physiological range (Maes F, et al., 2012,
McCoy RJ, et al., 2010, Sladkova M, et al., 2014), especially those with lower mechanical
loadings. In addition, increased mechanical loadings not only boosted WSS peak values
but also increased aggregated (mean) WSSs along each cycle. However, these changes
were moderate compared to peak value (Fig. 3.11), which may lead to less cellular
responses in experiments if we consider them as driving signals.

Figure 3.11: Both peak WSS and aggregated (mean) WSS values were increased with
increased mechanical loadings. However, changes in aggregated WSSs were
moderate compared to peak values.
3.4 Discussion
In the idea of characterizing the mechanical microenvironment of a bone-mimetic
scaffold undergoing multi-modal loadings (compression and perfusion), we created a
micro-CT-based multi-physics computational model.
Our simulation results revealed dynamic mechanical stimuli (surface strains, fluid
flows and WSSs) within mechanically loaded scaffolds in our proposed experiments. The
heatmaps of surface strains (Fig. 3.6) and WSSs (Fig. 3.11) showed that within
mechanically loaded scaffold, cells will experience relatively evenly distributed
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mechanical signals everywhere, indicated the high viability of our experimental models.
The majority (~80%) of the internal wall shear stresses generated by lower loading settings
(direct perfusion C-P+ or induced by compression C+P-) fell between 1-100 mPa (median
= 50 mPa), a range that we have predicted previously (Liu B, et al., 2018) and is also similar
to many other osteogenic 3D perfusion studies [5 mPa (Sikavitsas VI, et al., 2005), 10 mPa
(Frohlich M, et al., 2010), 20 mPa (Grayson WL, et al., 2011, Jaasma MJ, et al., 2008,
Partap S, et al., 2010, Plunkett NA, et al., 2010), 30 mPa (Sikavitsas VI, et al., 2003), 100
mPa (Bancroft GN, et al., 2002)] (Maes F, et al., 2012, McCoy RJ, et al., 2010, Sladkova
M, et al., 2014). Such values are also in the range of interstitial flow velocities that occur
during tibial loading [peak canalicular fluid velocity ~60 μm/sec, as determined by in vivo
fluorescence recovery after photobleaching (FRAP)] (Price C, et al., 2011).
The high compression loading, which is twice as high as the low compression,
resulted in perfectly doubled strains. This result tells us that even with such complicated
geometry, our scaffolds would provide a mechanical microenvironment that is linearly
corresponded to input loadings, which provides us better experimental controls. Our
current compression loading condition (5% bulk strain and 10% bulk strain) would result
in strains in the range of 5000-10000 με, which is higher than the physiological range that
induces bone tissue formation in vitro other people reported (800-1000 με) (Baas E, et al.,
2010, Birmingham E, et al., 2016). Compression loading conditions with lower bulk strain
may be needed in future experiments in order to capture the full picture of mechanical
regulation in bone metastatic breast cancer.
The compression loading also induced or influenced fluid flow significantly. In fact,
compression loading alone would result in as much WSSs as perfusion does (4 mPa in
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C+P- to 5 mPa in C-P+, 8.5 mPa in C++P- to 10 mPa in C-P++) (Fig. B.2,3,4,8). These
compression induced WSSs were dynamic, similarly to other multi-physics simulation
models (Birmingham E, et al., 2016, Marturano-Kruik A, et al., 2018, Zhao F, et al., 2015),
with peak value occurred on ¼ and ¾ of one cycle. However, coupled with compression
and perfusion, WSSs showed higher intensities in the first half of the loading cycle compare
to the second half, due to opposing loading directions of compression and perfusion.
Although it showed asymmetric waveform, the WSS values continually shift
towards higher range with increased compression and perfusion, reaching the peak in
C++P++ condition with 20% more WSSs fell between 100-1000 mPa and five times in
median value (median = 250 mPa) compare to those generated by lower loadings. Along
with compression loading, our experiments covered a variety of mechanical cues that may
lead to significant changes in cancer cellular responses and help us gain insight into
mechanical regulation in breast cancer bone metastases. We can also utilize this
computational model to target more accurate mechanical microenvironment.
The simulation results lead to further questions such as whether we should consider
peak WSS values in each loading bout or the overall aggregated stresses since they do not
have the same amplification towards increasing external loadings (Fig. 3.11), or how do
we improve the external loadings module to better eliminate or replicate the effect of
unexpected asymmetry mechanical stimuli in scaffolds.
Overall, our established multi-physics computational model successfully revealed
the complicated dynamic mechanical microenvironments in our multi-modal in vitro
cancer model as well as provided potential improvements, which will eventually help us
characterize the mechanical regulation of bone metastases breast cancer.
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CHAPTER 4
CREATION OF IN VITRO BONE METASTATIC BREAST CANCER MODEL
UNDERWENT MULTI-MODAL LOADINGS
4.1 Introduction
Breast cancer is the most frequently diagnosed cancer in women, with 1 in 8 women
developing invasive breast cancer during their lifetime in the US (Society AC, 2017).
Breast cancer primarily metastasizes to the skeleton, where roughly 3 in 4 patients with
advanced disease develop incurable bone metastases (Harbeck N, et al., 2010). Breast
cancer bone metastases are overwhelmingly osteolytic, causing severe bone pain,
pathological fracture, and overall survival rate is devastatingly poor. Bone metastatic breast
cancer cells support their survival and growth by appropriating the bone remodeling
process in a feedforward ‘vicious cycle’ (Kingsley LA, et al., 2007, Weilbaecher KN, et
al., 2011). They dysregulate the normal bone remodeling process and initiate osteolysis by
stimulating osteoclastic resorption, which releases vital growth factors from the bone
matrix that ‘feed’ the tumor cells. On the other hand, healthy bone remodeling is regulated
by the local mechanical environment, which is integral to bone tissue homeostasis;
specifically, increased mechanical stimuli are well-documented to result in net bone
formation both in vivo and in vitro (Robling AG, et al., 2009).
Recently, skeletal mechanical stimuli were established as essential parameters in
bone metastatic cancer. In vivo Studies showed that tibial compression protected against
breast cancer-induced osteolysis (Lynch ME, et al., 2013), and low-intensity vibrations
inhibited multiple myeloma bone metastasis (Pagnotti GM, et al., 2016), which suggested
the modulation of the mechanical microenvironment in the skeleton is a potential avenue
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for improving clinical outcomes. However, the underlying mechanisms are currently
unknown, including the identity and role of specific local mechanical signals.
Two types of mechanical stimuli within the bone matrix are considered to be the
main driving signals in bone adaptation, specifically for stimulating bone formation
(Duncan RL, et al., 1995, Robling AG, et al., 2009, Weinbaum S, et al., 1994): 1) interstitial
fluid flow and 2) matrix deformations. At the tissue level, when an external compressive
force (usually cyclic) is applied to a bone, it generates not only solid deformation, but also
fluid flow throughout the porous tissue. The majority of current research has studied these
two signals in vitro using tissue engineering scaffolds typically loaded with compression
or perfusion with bioreactors, which represent the physiological environment more
accurately (Griffith LG, et al., 2006). Fluid flow or shear stresses induced by perfusion
were found to stimulate osteogenesis in MSCs and osteoblasts or the expression of netforming molecules in osteocytes within certain ranges (Helm CL, et al., 2005, Zhao F, et
al., 2007). For example, shear stress magnitude was highlighted when human MSCs
underwent fluid flow (0.12 mPa and >0.01 mPa) for 20 days, and higher stresses caused
increased osteogenic differentiation and decreased proliferation (Zhao F, et al., 2007).
Similarly, cyclic compression applied to bone explants (Birmingham E, et al., 2016, Chan
ME, et al., 2009) or to tissue-engineered scaffolds (Chen X, et al., 2017, Duty AO, et al.,
2007, Matziolis D, et al., 2011) also stimulates osteogenesis.
Because these mechanical stimuli are integral to bone tissue homeostasis, they are
also likely to modulate cancer cell behavior in the skeleton, yet few research groups have
investigated this. A recent study showed that when dynamic compression was applied to
MDA-MB-231 cells in a bone mineral-containing scaffold, their expression of RUNX2,
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which regulates downstream remodeling in bone cells, was reduced (Lynch ME, et al.,
2013). Yet conflicting results revealed that tumor-conditional media from dynamic
compression loaded breast cancer cells enhanced OPN gene expression in BM-MSCs
undergoing osteogenic differentiation (Lynch ME, et al., 2016). What’s more, when Ewing
Sarcoma (ES) cells in a collagen-based scaffold underwent dynamic compression, their
resistance to chemotherapeutic drugs was increased (Marturano-Kruik A, et al., 2018). This
study particularly utilized computational simulation to predict the drug resistance
increasing was due to IFF velocities of 0.5 - 4 um/s. Taken together, those studies highlight
the need to additional investigate further how mechanical stimuli regulate bone cancer cell
function, especially bone matrix strains and fluid flow are typically studied in isolation.
Thus, we established a 3D in vitro model that underwent multi-modal loadings, which
enables us to investigate the combined effects of compression and perfusion in bone
metastatic breast cancer mechanoregulation.

4.2 Materials and Methods
We adapted a previously described 3D in vitro loading model that applies cyclic
mechanical stimuli to breast cancer cells cultured within mineral-containing 3D porous
scaffolds (Lynch ME, et al., 2013) to a new multi-modal loading bioreactor (BISS TGT)
that can apply cyclic compression with stimulators and steady perfusion with peristaltic
pumps (Cole-Parmer) (Fig. 4.1).
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Figure 4.1: In vitro multi-modal loading system.
A) Multi-modal bioreactor system that can apply dynamic compression and direct
perfusion. B) The compression loadings have a sine waveform with frequency at 1 Hz.
4.2.1 Experimental design
To capture the breast cancer mechanosensitivity affected by compression and/or
perfusion, we established multi-modal experiments with a combination of no perfusion (P-),
low perfusion (0.3 mL/min, P+), high perfusion (0.6 mL/min, P++) and no compression
(C-), low compression (5% bulk strain, C+), high compression (10% bulk strain, C++). The
low flow rate (0.3 mL/min) used in experiments was predicted to promote osteogenic
responses in vitro by our previous computational fluid dynamic (CFD) simulation study
(Liu B, et al., 2018). The resulting flow velocity (100 μm/sec) was also close to interstitial
flow velocities that occur during tibial loading [peak canalicular fluid velocity ~60 μm/sec,
as determined by in vivo fluorescence recovery after photobleaching (FRAP)] (Price C, et
al., 2011). The high flow rate (0.6 mL/min) is within the range that prevents cell detaching
from scaffold side walls upon application of in vitro perfusion based on our preliminary
data (Fig. C.1). The high loading compression value was observed to inhibit downstream
osteolysis regulation of breast cancer cells (Lynch ME, et al., 2013), and to promote
osteogenic differentiation of MSC (Lynch ME, et al., 2016) in the same bone mimicking
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scaffolds. A total of 8 different loading treatments were tested with non-loaded group CP- used as the negative control (Fig. 4.2).

Figure 4.2: Experimental setups.
Nine total experiments were designed in order to seek mechanical regulations of breast
cancer bone metastases. Combinations of no compression, low compression, high
compression, no perfusion, low perfusion, and high perfusion conditions were used to
provide a wide range of mechanical stimuli.
4.2.2 Scaffold fabrication
The highly porous bone-mimicking scaffolds used in the experiments were
prepared from in house made poly(lactide-co-glycolide) (PLGA) microspheres and
hydroxyapatite (HA) using previously established methods (Lynch ME, et al., 2016, Pathi
SP, et al., 2010). 8 mg of microspheres, 8 mg of HA particles (Sigma, average diameter of
200 nm), and 152 mg of NaCl particles sized 250-400 μm (325 μm mean macropore size)
(J.T. Baker) were pressure-molded (Carver Press) into disks (1.5 mm thick, 8 mm diameter).
The disks were subsequently subjected to a gas-foaming/particulate leaching technique that
results in surface exposure of the incorporated mineral (Harris LD, et al., 1998) as well as
interconnected macropores (mean size ~450 μm). The final HA-containing scaffolds have
a porosity of ~80% (Davis HE, et al., 2011, Pathi SP, et al., 2010).
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4.2.3 Cell culture
Highly aggressive MDA-MB-231 human breast cancer cells were cultured in
complete Dulbecco’s modified Eagle’s medium [DMEM (Invitrogen) supplemented with
10% fetal bovine serum (FBS, Atlanta Biologicals) and 1% penicillin/streptomycin [P/S,
Invitrogen]) under standard cell culture conditions (37°C, 5% CO2). MDAs were plated in
2D cell culture flasks first then seeded to HA-containing scaffolds when reaching 90%
confluency and desired population. 1.5 x 106 MDAs were seeded onto one side of the
scaffolds, from which later will be perfused. These seeded scaffolds were randomized into
Loaded and Non-loaded groups for future experimentations and cultured in 24-well cell
culture plates.

4.2.3 Mechanical Loading
24 hours after being seeded with MDA cells, scaffolds were then transferred from
culture plates into a total of 3 bioreactor chambers for 1-hour multi-modal loadings. Each
bioreactor chamber has 9 wells, in which individual cell-seeded scaffold was sandwiched
by stainless steel sintered filter discs to maintain steady inlet and outlet flow (Fig. 4.3) and
also centered by a Polydimethylsiloxane (PDMS) ring to restrict fluid from going around
the scaffold. The PDMS rings also amplified the force feedbacks from compression and
helped monitor the mechanical loading cycles.
Two of the three chambers were connected to two stimulator towers, from which
low or high compression were applied and subsequently transferred on top of each scaffold
(Fig. 4.3). The cyclic loadings had sinusoidal waveforms with 1 Hz frequency to simulate
walking patterns (Fig. 4.1B). The other chamber was not connected to loading actuator and
was used for no compression groups. In each bioreactor chamber, 6 wells of a total of 9
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were grouped in 3 and connected to two peristaltic pumps that provided low or high
perfusions. The same cell culture medium was used and perfused from the bottom of each
scaffold (Fig. 4.3). The other 3 wells in each chamber were served for no perfusion groups.

Figure 4.3: Schematic of individual scaffold loading.
In the multi-modal loading experiments, 27 scaffolds were utilized for 9 different
conditions with 3 biological replicates in each treatment (Fig. 4.4). The experiments were
performed in cell culture incubator under the same environments (37°C, 5% CO2) for 1
hour (Fig. 4.5). After the experiments, scaffolds were transferred back to the original cell
culture plates for 24 hours of resting before nucleic acid analysis. The full multi-modal
loading experiments were performed three times, along with an additional perfusion only
study conducted to help determine biological responses due to fluid flow. The first multimodal loading experiment was used to validate the system, and scaffolds of each treatment
group were analyzed for DNA quantitation. The rest were analyzed with gene expression.
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Figure 4.4: Schematic of multi-modal loading setup.
4.2.4 DNA quantitation
Scaffolds analyzed with DNA quantitation were broken down with iris scissors and
sonicator (Fisherbrand). DNA was isolated with Caron’s buffer and quantified by analysis
of fluorescence intensity using QuantiFluor (Promega) dsDNA binding dye.

4.2.5 Gene expression
Expression of breast cancer proliferation markers Ki-67 (Hs01032443_m1) and
TOP2A (Hs01032137_m1), downstream osteogenesis genes RUNX2 (Hs00231692_m1),
OPG (Hs00900358_m1), apoptosis-related proteins BCL2 (Hs00608023_m1) and CASP3
(Hs00234387_m1) as well as genes that are highly expressed in breast cancer cells CXCR4
(Hs00607978_s1)and DKK1 (Hs00183740_m1) were determined using Quantitative
Reverse Transcription Polymerase Chain Reaction (qRT-PCR) technique with Taqman
probes (Applied Biosystems). Briefly, mRNA was isolated from each scaffold using the
TRIzol extraction method (Chomczynski P, et al., 2006). RNA purity and quantity were
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tested using a spectrophotometer (NanoDrop; Thermo Fisher Scientific). 2000 ng of
mRNA was reverse transcribed to cDNA and brought to 25 ng/μL with RNase-free water.
Each qPCR was performed using 50 ng of cDNA in a final volume of 20 μL containing
20X TaqMan primers (Applied Biosystems). 40-cycle qRT-PCR reactions were completed
in a real-time PCR cycler (Rotor-Gene Q; QIAGEN). Results are presented as fold changes
using the comparative Pfaffl method (Pfaffl MW, 2001) with normalization to non-loaded
control groups and housekeeping reference gene β2M (Hs99999907_m1).

Figure 4.5: Multi-modal bioreactor during experiment.
Two mechanical stimulators were utilized for low and high compression loadings. Two
peristaltic pumps provided low and high perfusion. A total of 27 scaffolds were used in
multi-modal loading experiments with 9 different treatment groups.
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4.3 Results
4.3.1 Applied Compression did not suppress cancer cell growth.
We first verified that MDA-MB-231 breast cancer cell survived the mechanical
loading in all loading group, especially in perfusion groups since it is possible that the high
shear stresses predicted in our previous CFD model (Liu B, et al., 2018) within the scaffold
can cause a portion of cells to detach upon application of in vitro perfusion (AlvarezBarreto JF, et al., 2007, Cartmell SH, et al., 2003). DNA content revealed that there was
no significant difference in cell population among all treatment groups (Fig. 4.6). The
estimate cell number of each scaffold 48 hrs. after seeding (with or without loading) was
3.5 x 106 – 5 x 106 (Serth J, et al., 2000), indicated cell growth in all treatment groups
compared to 1.5 x 106 seeding density.

Figure 4.6: DNA content revealed similar breast cancer cell growing patterns in all
treatments
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4.3.2 Breast cancer gene expression in perfusion only conditions.
Expression of breast cancer proliferation markers Ki-67 and TOP2A (Bouchalova
K, et al., 2009, Marzullo F, et al., 1988, Milde-Langosch K, et al., 2013, Nakagawa M, et
al., 2011) both showed no significant changes with increasing perfusion (Fig. 4.7).

Figure 4.7: RNA expression of breast cancer proliferation makers A) Ki-67 and B)
TOP2A in perfusion only conditions (LEFT: pooled data, RIGHT: individual
experimental replicates).
Gene expression of Runx2, one of the key factors required for bone formation and
osteoblastic differentiation during normal development and implicated in metastatic
disease during breast cancer progression (Chimge NO, et al., 2011, Gokulnath M, et al.,
2015, Mendoza-Villanueva D, et al., 2011) showed a slightly increasing trend (Fig. 4.8A).
RUNX2 is found to promote breast cancer development through Wnt and TGF-β signaling
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pathways (Wysokinski D, et al., 2015). A reducing trend was also observed in OPG
expression (Fig. 4.8B). OPG functions as a decoy receptor of RANKL, which
downregulate osteoclasts differentiation and lead to bone formation. It is suppressed by the
secretion of PTHrP by bone metastatic breast cancer (Ibrahim T, et al., 2011). On the other
hand, breast cancer cells also express OPG, which bind to and inhibit tumor apoptosis
inducing protein TRAIL (Holen I, et al., 2005). However, the exact role of OPG in breast
cancer is still unclear. Although the expression changes of RUNX2 and OPG were not
statistically significant, they could still be early evidences of perfusion or fluid flow
interfere with breast cancer related osteogenesis.

Figure 4.8: RNA expression of osteogenesis regulator genes A) RUNX2 and B) OPG
in perfusion only conditions (LEFT: pooled data, RIGHT: individual experimental
replicates).
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Figure 4.9: RNA expression of CXCR4 in perfusion only conditions (LEFT: pooled
data, RIGHT: individual experimental replicates).
There is also a trend showed increased expression of CXCR4 applied with
perfusion (Fig. 4.9). It is believed that CXCR4 plays key roles in tumor proliferation,
migration, as well as metastasis of several cancers including breast cancer(Chen Y, et al.,
2003, Fernandis AZ, et al., 2004, Ibrahim T, et al., 2011).

Figure 4.10: RNA expression of anti-apoptosis gene BCL2 in perfusion only
conditions (LEFT: pooled data, RIGHT: individual experimental replicates).
In contrast, there is a decreasing trend of BCL2 expression (Fig. 4.10), which may
lead to cancer cell death since BCL2 functions as anti-apoptosis regulator (Dawson SJ, et
al., 2010). These results seem to be in conflict with each other, indicated that breast cancer
cells could undergo different phenotypes due to the heterogeneity and complexity of the
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mechanical microenvironment of perfused scaffolds. In addition, these results were not
significant enough. Future experiments are needed to fully capture the mechanomodulation
of bone metastatic breast cancer by fluid flow.

4.3.3 Breast cancer gene expression in compression only conditions.
No changes or trends were found in expression of breast cancer proliferation genes
or downstream osteogenesis genes with increased compression (Fig. 4.11, 4.12). However,
the expression of WNT signaling pathway inhibitor DKK1 (Forget MA, et al., 2007,
Zhuang X, et al., 2017) showed a weak reduction due to compression (Fig. 4.13).

Figure 4.11: RNA expression of breast cancer proliferation makers A) Ki-67 and B)
TOP2A in compression only conditions (LEFT: pooled data, RIGHT: individual
experimental replicates).
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Figure 4.12: RNA expression of osteogenesis regulator genes A) RUNX2 and B) OPG
in compression only conditions (LEFT: pooled data, RIGHT: individual experimental
replicates).
This observation may provide an early clue that mechanical loading dysregulates
cancer tumorigenesis. Additionally, RNA expression of BCL2 also show a slightly
decreasing, similar to what we found with perfusion only cases (Fig. 4.14). Cyclic
compression was predicted to induce fluid flow and shear stress by our previous multiphysics model. It is not clear whether local matrix strains or fluid flow play a role here.
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Figure 4.13: RNA expression of DKK1 in compression only conditions (LEFT: pooled
data, RIGHT: individual experimental replicates).

Figure 4.14: RNA expression of BCL2 in compression only conditions (LEFT: pooled
data, RIGHT: individual experimental replicates).

4.3.4 Breast cancer gene expression in multi-modal loadings condition.
There were no clear trends or statistically significant differences found in
expression of cancer proliferation markers Ki-67 and TOP2A (Fig. 4.15), downstream
osteogenesis genes RUNX2 and OPG (Fig. 4.16), apoptosis-related proteins CASP3 and
BCL2 (Fig. 4.17) among all multi-modal loading conditions. Please see Fig. C.2-C.5 for
the remaining tested genes.
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Figure 4.15: RNA expression of breast cancer proliferation makers A) Ki-67 and B)
TOP2A in multi-modal loading conditions (pooled data).
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Figure 4.16: RNA expression of osteogenesis regulator genes A) RUNX2 and B) OPG
in multi-modal loading conditions (pooled data).
Although some trends were found with individual signal, The whole picture of how
mechanical stimuli regulate breast cancer is still not clear. Potential alterations of cellular
responses in different loading treatments seem to be lost in mechanical microenvironmental
variables in the scaffolds. For example, the perfusion loadings did not have a strong shift
compared to how wide the wall shear stress intensities covered (Fig. 4.18).
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Figure 4.17: RNA expression of apoptosis related genes A) CASP3 and B) BCL2 in
multi-modal loading conditions (pooled data).
4.4 Discussion
Mechanical stimuli seem to play essential roles in regulating advanced cancer
formation in skeleton (Lynch ME, et al., 2013, Lynch ME, et al., 2016, Pagnotti GM, et al.,
2016). To help understand this, we developed a multi-modal loading bioreactor system that
can apply compression and perfusion to in vitro cancer model individually or
simultaneously.
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Figure 4.18: WSSs resulted from perfusion loadings did not shift large enough to
promote significant gene expression changes in scaffolds.
We saw some early clues indicated that different mechanical stimuli caused
different mechanoregulations towards bone metastatic breast cancer. For example,
dynamic mechanical strains may dysregulate cancer tumorigenesis by inhibit DKK1
secretion. Fluid flow seem to promote breast cancer to undergo apoptosis.
However, those changes were not statically significant and did not repeat
themselves biologically. Previously, we have successfully predicted the resulting local
mechanical stimuli [e.g., wall shear stresses (WSSs) and solid strains] by external loadings
applied in our experiments. Although these mechanical stimuli distributed evenly in the
scaffold (WSSs and strains), and fell into a physiological range seen in vivo (WSSs), they
still covered a relatively wide range (100 times in WSSs and 3-4 times in strains) (Liu B,
et al., 2018). It is possible that breast cancer cells underwent different genetic responses
due to variations in local mechanical signals. Additionally, we only applied two different
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intensities for each mechanical loading; and the higher loading values only doubled the
lower ones. Taken together, it is possible that more considerable changes among loading
inputs are needed (say 10 times) to stimulate enough significant cellular responses.
Overall, we have created an experimental system that can apply multi-modal
loadings to help us characterize the mechanical regulation of bone metastatic breast cancer.
Although significant changes in breast cancer cell behavior in early mechanical loading
experiments were not seen, this platform is still useful and will be helpful if we correctly
adjust and optimize future experiments according to our previous computational simulation
findings.
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CHAPTER 5
FUTURE WORKS
The studies of this thesis provided a multi-modal experimental-multi-physics
computational platform to regulate mechanical stimuli in breast cancer bone metastasis.
They can also be applied to study other biological/cellular responses (such as other cancer
cells, bone cells) in mechanical microenvironments, including but not limited to in vitro
scaffolds (Baas E, et al., 2010, Guyot Y, et al., 2015, Liu B, et al., 2018), ex vivo bine
explants (Birmingham E, et al., 2016) and in vivo tissues (Cresswell EN, et al., 2017, Fan
L, et al., 2016). This platform also laid the foundation to help examine mechanosensitive
channels or pathways on the cellular level to understand underlying mechanisms further
and help develop targeted therapies or drugs(Marturano-Kruik A, et al., 2018, Verbruggen
SW, et al., 2016).
There are also limitations in our studies, some due to the availability of machines
and computational abilities. One shortcoming in simulation jobs is that we created our
models from the micro-CT images of a single scaffold (shown in Chapter 2). It is possible
that variabilities due to the fabrication process occur, which could alter resulting scaffold
mechanics. This will require sensitivity studies to quantify potential variability across
batches and users. Other than this, some critical future works need to be carried out to draw
a better picture in the characterization of mechanical regulation in bone metastatic breast
cancer.

5.1 Cell-level FSI modeling
In Chapters 2 and 3, We have successfully shown that the tissue level multi-physics
computational model created from micro-CT images of a scaffold is capable of predicting
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mechanical stimuli such as solid surface strains and WSSs during multi-modal loading
experiments. However, it did not indeed reveal how an individual mechanical signal
influenced cancer cells, especially when those mechanical signals covered a wide range (as
broad as two magnitudes) while cellular responses are sensitive to a narrower range, likely
less than ten times for bone strains (Lanyon LE, 1973, Rubin CT, et al., 1984) and slightly
more extensive range in IFF (Fan L, et al., 2016, Price C, et al., 2011, Wang B, et al., 2013).
Tumor cells may be exposed to different mechanical signals in varying sites of the scaffold
(Jungreuthmayer C, et al., 2009).
Although we can reduce the effect of these variables statistically, it is better to target
individual cells in different locations and see how they deform under different loading
circumstances. To model the cell geometries, along with their surrounding structures, a
common way is to reconstruct 3D data of confocal microscopy images (Fan L, et al., 2016,
Joukar A, et al., 2016, Verbruggen SW, et al., 2016). Study shows that FSI model has
potential to simulate osteocytes deformation under mechanical loadings in bone (Joukar A,
et al., 2016), it can also help shed light on how tissue-level stresses and strains, which can
be found in previous multi-physics models, are transduced to the cells living in the in vitro
matrix (Birmingham E, et al., 2016, Zhao F, et al., 2015), including bone metastatic cancer
cells. Future works should introduce a cell-level model to form a multi-scale simulation
study to fully characterize the mechanical microenvironments of breast cancer.

5.2 Improve in vitro loading experiment design
In Chapter 4, we designed a group of in vitro experiments utilizing our multi-modal
bioreactors. During the experimentation, eight different mechanical loadings conditions, in
a combination of cyclical compressions and steady perfusions, were applied to bone
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mimicking scaffold in order to modulate breast cancer responses. We sought to isolate the
function of each individual mechanical stimuli that drive the cancer cellular behavior we
have seen in previous studies (especially when do they suppress breast cancer
metastasizing bone tissue) (Lynch ME, et al., 2013, Lynch ME, et al., 2016) compare to
predicted mechanical microenvironment using multi-physics models established in
Chapter 3.
We have seen some biological changes with increased (or decreased) mechanical
signals, particularly in RNA expression of genes that target osteolysis of metastatic breast
cancer cells. We saw increasing expression trend with increased fluid flow of cancer
downstream remodeling regulator RUNX2 (Lynch ME, et al., 2013, Mendoza-Villanueva
D, et al., 2011) and genes that related to anti-apoptosis of cancer cells BCL2 (Dawson SJ,
et al., 2010). Dynamic mechanical strains were also found may dysregulate cancer
tumorigenesis by inhibit DKK1 secretion. Those results are promising because they
showed us that our experimental-computational system has the potentials to reveal the
mechanical regulation of bone metastases breast cancer. However, these results are not
statistical significance due to 1) relatively high deviation among biological replicates, 2),
not significant changes amount of different treatments.
There are a couple of ways to improve the current results. Our scaffolds seem to
create a wide range of mechanical stimuli due to the heterogeneity of scaffolds (100 times
in WSSs and 10-20 in solid surface strains) in experiments that cells may sense. However,
the experimental ranges are only two times from each other (low and hi). It is possible that
the applied treatments are not far enough apart to surmount the heterogeneity.
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Also, according to studies in Chapter 3, the resulting mechanical signals of both
loadings are higher than the bone physiological strain range (5000-10000 με compare to
800-3000 με) (Baas E, et al., 2010, Birmingham E, et al., 2016) indicating that lower
compressive loadings are needed in the future. Since we have proved that even loaded with
10% bulk strain, the resulting surface strain is within the linear range corresponding to
compressive input. It is easy to predict that the low compression loadings needed for
achieving a more realistic physiological range (800-3000 με) are around 0.8%-3%.
What’s more, the multi-physics model showed that with compression, the induced
WSSs had cyclical waveforms. The waveforms were even asymmetric when compression
and perfusion coexist. While we only applied steady perfusion flow, it is likely pulsatile
flows that match such waveforms are needed to better control the environment. Overall, by
increasing the experimental loading range and type, plus adding more loading point, future
studies could have a better view of cellular changing tendencies modulated by varying
mechanical stimuli.

5.3 Improve multi-modal bioreactor design
During our experiments, we also realized that some designs in our bioreactor could
lead to biological deviations among each sample. The perfusion loadings were driven by
peristaltic pumps, which can cause flow rate variables among each channel. Also, the
calibrated flow rate would change during the experiment due to the permanent deforming
of silicone tubing. What’s more, peristaltic pumps are not capable of applying complicated
waveform accurately, as described before. A pump system that can apply the exact desired
flow rate (such as syringe pump) or can be monitored and adjusted during the experiments
(such as a pressure-controlled pump) may be a better solution in future works.
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For applied compressions, Total 9 scaffolds were loaded together in one bioreactor
chamber with a single free hanging structure that separates into nine pushers. It is possible
that this single structure can create uneven forces that lead to variables in mechanical
strains or induced fluid flow. Future design of multi-modal bioreactors or in vitro loading
experiments should take consideration of capabilities to adjust or monitor individual
samples, not only in fluid flow but also in compression.

5.4 Other biological environments and outcomes
A critical area that requires more investigation in bone metastatic breast cancer
mechanosensitivity is that of the bone marrow, the site for disseminated tumor cells; thus,
it has also been described as a “metastatic niche” (Shiozawa Y, et al., 2015). In particular,
characterizing the mechanical environment of the marrow compartment remains a
challenge, in part because the tissue has both solid and fluid characteristics (Jansen LE, et
al., 2015). Nevertheless, bone marrow computational models are being developed and can
be combined with experimental data to gain insight between marrow mechanics and
cellular function. For example, an FE model of interstitial fluid flow in the bone marrow
due to low-intensity vibrations, which estimated shear stress values in the marrow space
(~0.5 Pa) and at the bone-marrow interface (5 Pa) (Coughlin TR, et al., 2012), can shed
light on the mechanical signals that reduced tumor burden mitigated bone loss in bone
metastatic multiple myeloma (Pagnotti GM, et al., 2016) or help design in vitro marrow
loading experiments. Recently-developed bone marrow scaffolds (Fairfield H, et al., 2018,
Lauren Jansen TM, Michael Lee, Shelly Peyton, 2018, Reagan MR, et al., 2014), which
mimic the elastic 3D environment of physiological marrow (Jansen LE, et al., 2015), Can
aid our understanding of the metastatic niche, and, if combined with the established
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multiscale, multi-physics simulation models in this thesis and appropriate mechanical
environment, have great potential to enable investigations of mechanical loading and bone
cancer.
Osteocytes have been implicated in several bone cancers (bone metastatic multiple
myeloma (Delgado-Calle J, et al., 2016, Giuliani N, et al., 2012, Terpos E, et al., 2011),
bone metastatic breast cancer (Ma YV, et al., 2018, Wang W, et al., 2018, Zhou JZ, et al.,
2015, Zhou JZ, et al., 2016), bone metastatic prostate cancer (Gonzalez A, et al., 2017,
Sottnik JL, et al., 2015) as well as primary sarcoma (Sottnik JL, et al., 2014)). However,
the determination of their roles still requires further investigation. In breast cancer bone
metastasis, osteocytes may increase (Ma YV, et al., 2018) or inhibit (Zhou JZ, et al., 2015)
tumor cell migration, and may promote (Zhou JZ, et al., 2016) or reduce apoptosis (Ma
YV, et al., 2018). Furthermore, tumor cell responses may depend on the treatment or
environment of the osteocytes (e.g., bisphosphonate treatment (Zhou JZ, et al., 2015),
mechanical loading (Ma YV, et al., 2018, Zhou JZ, et al., 2016), or method of
communication (Ma YV, et al., 2018)). At the same time, breast cancer cells may also
modulate osteocyte function (Wang W, et al., 2018). Combined with their known role as
the primary mechanosensory cell and ‘master orchestrator’ of bone (Schaffler MB, et al.,
2013), they are a potential cellular link between mechanical signals and cancer-induced
bone disease. The approaches established in this thesis are suitable to characterize this link,
not only can be applied to current popular 3D models that are derived from bone explants
(Chan ME, et al., 2009, Takai E, et al., 2004), but also potential in vitro models using
tissue-engineered scaffolds (Jahn K, et al., 2018, Mc Garrigle MJ, et al., 2016).
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The biological outcomes of our study are limited to DNA quantitative analysis and
qRT-PCR for RNA expression, which utilized the whole scaffold as a sample. As described
before, cancer cells located in different scaffold cites could sense different mechanical
stimuli,

thus

responding

differently.

Techniques

such

as

histology

and

immunohistochemistry (IHC) staining can be used to analyze the biological responses of
individual cells in scaffolds (Kim HJ, et al., 2008, Li WJ, et al., 2005, McClellan P, et al.,
2017). They can also help locate and isolate cells for cell-level simulation modeling.
Overall, future works should utilize all of those techniques and directions described
above, carrying out a multi-scale computational model and a better controlled, wide range
loading model in order to fully capture the mechanical regulation of breast cancer bone
metastases.
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APPENDIX A
CHAPTER 2 DATA

Figure A.1: Detailed view of interior wall shear stresses in the physiological range (1
– 100 mPa) at serial cut planes. Wall shear stresses in the A) longitudinal and B) lateral
directions.

Figure A.2: Detailed view of flow velocities in the physiological range (1 – 100 μm/s)
at the inlet and outlet scaffold surfaces.
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Figure A.3: Detailed view of interior flow velocities in the physiological range (1 – 100
μm/s) at serial transverse cut planes.
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APPENDIX B
CHAPTER 3 DATA

Figure B.1: Applied top boundary velocities of solid domains.

Figure B.2: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C-P+ model.
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Figure B.3: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C-P++ model.

Figure B.4: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C+P- model.

Figure B.5: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C+P+ model.
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Figure B.6: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C+P++ model.

Figure B.7: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C++P- model.

Figure B.8: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C++P+ model.
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Figure B.9: Mean WSSs along the whole loading cycle and distribution histograms of
each key timestep of C++P++ model.
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APPENDIX C
CHAPTER 4 DATA

Figure C.1: Preliminary data of breast cancer cell population in scaffold immediate
after high flow rate (0.7 mL/min) perfusion experiments (Acute) and 24 hours after
loading (Delayed).
A) Cell live-dead staining showed living breast cancer cells inside of scaffold 24 hours
after perfusion loading compared to immediate imaging. B) DNA content show similar cell
growth 24 hours after perfusion loading.

Figure C.2: RNA expression of MMP1 in multi-modal loading conditions (pooled
data).
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Figure C.3: RNA expression of DKK1 in multi-modal loading conditions (pooled
data).

Figure C.4: RNA expression of CXCR4 in multi-modal loading conditions (pooled
data).

Figure C.5: RNA expression of BAX in multi-modal loading conditions (pooled data).
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